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 Polymer matrix composites are used in the aerospace, automotive, and 
infrastructure industries to reduce high weight associated with their metallic counterparts.  
Vinyl ester (VE) is an attractive class of matrix resins due to its high chemical and 
corrosion resistance, good thermal and mechanical properties, and utilization of low-cost 
composite processing techniques such as vacuum assisted resin transfer molding 
(VARTM).  The drawback of these materials, however, is low fracture toughness that can 
potentially lead to composite delamination and limited durability.  The overall goal of 
this work is to improve the fracture behavior of VE composites while maintaining 
thermal and mechanical properties, interfacial performance, and their ability to be 
processed..   
 Elastomer modification of epoxy resins has shown a great deal of success for 
increasing fracture toughness.  During cure, rubber phase separates from the epoxy 
matrix, inducing energy dissipating mechanisms during fractures such as increased 
matrix shear yielding and rubber particle cavitation.  There are inherent characteristics of 
VEs, however, that make them less conducive for elastomer toughening.  Therefore, the 
first objective of this work was to identify these characteristics.  We found that the cure 
behavior and rubber-VE compatibility were the main contributors to the ineffectiveness 
of rubber toughening.  Unlike epoxies, VE contain styrene and vinyl ester monomers that 
undergo free radical copolymerization.  Free radical polymerizing resins gel at a much 
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lower conversion of reactive groups than epoxies.  Therefore, rubber is given less time 
for phase separation and the VE matrix becomes plasticized.  Also, the compatibility of 
VEs with rubber modifiers is a complicated issue.  On a macroscopic level, overall 
compatibility is limited to low molecular weight VE monomers and low rubber loadings.  
On an interfacial level, we discovered that styrene diffuses into and swells the rubber 
domains.  After cure, this behavior is responsible for void formation around the phase 
separated rubber domains. 
 The next objective of this work was to develop a toughening method that 
circumvents obstacles associated with rubber toughening.  We proposed that by 
imbedding electrospun micro- and nano-fibers as toughening composite interlayers, we 
could avoid the dependence of the initial compatibility of the modifier and cure behavior 
of the VE.  In theory, these interlayers could exhibit a co-continuous, fibrous morphology, 
reminiscent of morphologies shown to toughen epoxies.  Varying electro spinning 
processing parameters could be employed to tailor fiber size, and thus the second phase 
morphology. 
 As was found with rubber modified VEs, the diffusion of styrene into the 
electrospun fibers was observed, resulting in void formation around the fibers and 
reduced resin and composite properties.  The final objective of this work involved 
designing the interface between the electrospun fibers and VE to mitigate this problem.  
Plasma radiation and organosilane grafting were utilized to yield a controlled, cross 
linked organo-functional polysiloxane “shell” around each fiber.  We investigated the 
effects of a reactive and non-reactive “shell” to distinguish which mechanism, a cross 
linked or reactive interface, limits styrene diffusion.  It was found that styrene was able to 
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permeate the non-reactive cross linked polysiloxane.  However, the reactive interface 
provided a chemical link between the two phases that did not allow for void formation.  
 The final part of this work entailed evaluating the effects on composite properties 
of surface modified PS electrospun fiber mats used as interlayers in carbon fiber 
composites.  The interlayer toughened composites were compared to rubber toughened 
composites.  The resins and composites containing fibers with surface treatments yielded 
the worst properties.  The most significant losses included flexural and shear properties.  
The systems containing the reactive fiber surface treatment showed moderate levels of 
improvement in mode I fracture toughness.  Additionally, these composites were able to 
maintain other properties such as flexural, shear, and glass transition temperature (Tg).  
The rubber toughened composite yielded the toughest composite with respect to mode I 
fracture, but demonstrated a significant level of plasticization.  It was found that the 
toughening mechanisms were different for the rubber and interlayer toughened systems.  
The rubber toughened composite experiences a crack-tip blunting and increased stress 
concentration zones during delamination.  The interlayer composite proved to increase 
the surface area of fracture during delamination by deflecting the crack in multiple 
directions.  Also, the increased interlayer thickness allowed for fuller development of the 
stress concentration around crack tip.  
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CHAPTER 1:  INTRODUCTION AND BACKGROUND 
 
1.1. Motivation and Scope 
 
Polymer matrix composites (PMC) are an emerging class of materials that are 
utilized in a wide variety of applications.  They consist of a polymer matrix imbedded 
with reinforcing fibers.  Typical reinforcing fibers include graphite, glass, and polyamide.  
The matrix can consist of either thermoset or thermoplastic polymers.  Thermoset 
matrices are superior to thermoplastic matrices with respect to modulus, glass transition 
temperature (Tg), and processibility (viscosity and processing temperature).  However, 
thermosets are generally more brittle materials, thus exhibiting lower fracture toughness.   
 PMCs can be designed to reduce weight, increase mechanical properties, reduce 
the number of elements in a component, obtain a unique combination of properties, and 
increase shaping freedom. Additionally, the cost of composites can be less than their 
metallic counterparts due to emerging technologies in composite processing.  Therefore, 
PMCs are used to replace metallic materials for applications in the aerospace, 
transportation, mechanical (parts in machinery), leisure (sports equipment), building 
(infrastructure), and marine industries.  Figure 1.1 illustrates the design considerations for 
composites used in various applications.  Performance is usually dependent upon the 
materials comprising the composite.  The cost and rate of production also rely on the 
types of materials used in the composite; however, the composite processing techniques 
have more of an impact on these design criteria.  The aerospace industry consists of 
passenger and military aircraft.  The driving force for composite use in passenger aircraft 
 
  
 2
 
 
 
 
 
 
 
Figure 1.1.  The design considerations for composites used in the aerospace, mechanical, 
and automotive industries (taken from Wakeman and Bernet [1]).   
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is to reduce the weight, thus increasing fuel efficiency.  In addition to higher fuel-
efficiency, military aircraft composites are designed to increase performance (range, turn 
rates, stealth).  The automotive industry, on the other hand, is more concerned with the 
composite cost and rate of production.   
 The polymer matrix plays an important role in the ultimate performance of a 
composite.  The potential for low viscosity (better processibility) and generally superior 
material properties makes thermosets an attractive class of polymers in PMCs.  There are 
three major classes of thermosetting resins: epoxy, unsaturated polyester (UPE), and 
polyamides. Figure 1.2 gives the reactive groups for each of these classes of resins.  
Polyamides generally yield a very highly cross linked network structure, resulting in 
high-modulus, low-strength materials with very low elongation at break.  They are 
generally brittle, resulting in low fracture toughness.  Additionally, the viscosity of these 
systems is very high. In some instances, solvents are used to process these composites at 
low viscosities, having detrimental effects on composite properties.  Epoxy resins are a 
more versatile class of thermosets due to their ability to change the epoxy monomer 
backbone and curing agent.  The cured resins have high chemical and corrosion 
resistance, good mechanical and thermal properties, outstanding adhesion to a variety of 
substrates, and good electrical properties.  Other advantages of epoxy resins are that they 
can be partially cured and stored in that state and they exhibit low shrinkage during cure.  
A major drawback of epoxy-based composites is their processibility.  Since traditional 
epoxies have viscosities that are relatively high, they are limited to expensive processing 
techniques.  Also, they have longer cure times that limit the rate of production.  Another  
 
  
 4
 
 
 
 
 
 
O
CH3
CH3
O
CH3
N CH3
O
O
N CH3
O
O
Epoxy     (oxirane) 
Unsaturated Polyester (UPE)  (C=C double bond)
Polamide - Maleimide   (C=C double bond)
Polamide - Nadimide   (C=C double bond)
 
Figure 1.2.  Major classes of thermosetting resins and their respective reactive groups. 
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pitfall of epoxies is their performance in humid environments due to the absorption of 
water into the system.  
 UPEs are a class of thermosetting resin that free-radically cure at ambient 
conditions through the vinyl functional group in the polymer backbone.  These resins 
usually contain a diluent that reduces their viscosity, making them the most easily 
processed class of thermoset. Like epoxy resins, UPEs are versatile resins due to the 
ability to change the structure of the monomer backbone and the type of diluent.  Due to 
their versatility and low cost, UPE resins are the most widely used thermosets in 
polymeric composites [1].  A major problem with UPEs is their high shrinkage during 
cure; however, the addition of low-profile additives (thermoplastics) can considerably 
reduce the cure shrinkage.   
 Vinyl ester (VE), a class of UPE, is the resin of investigation in this work.  It has 
high chemical and corrosion resistance, good thermal and mechanical properties, and 
utilizes low-cost processing techniques such as vacuum assisted resin transfer molding 
(VARTM).  The major drawback of VEs, as with most thermosets, is their brittleness and 
low fracture toughness.  Therefore, VEs have low performance that limits their use in 
high performance industries like aerospace.  
 The overall objective of this work is to improve the fracture toughness, and thus 
performance, of VE-matrix composites.  The ultimate success of this project can 
potentially increase the market for these materials because of their low-cost processibility.  
In this work, we take two approaches to improving fracture toughness in VE-matrix 
composites: resin toughening and interlayer toughening.  This methodology is 
summarized schematically in Figure 1.3 by three major steps.  Each of the control 
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variables impacts the microstructure of the toughening phase.  This morphology, in turn, 
can significantly affect the ultimate performance of the resin and composite.  
 In reaching our objective, we seek to answer several fundamental questions about 
toughening VE matrix composites.  It has been established that epoxy resins have 
experienced great levels of success by using acrylonitrile-butadiene based rubber 
modifiers for improving fracture toughness [2,3,4,5,6,7,8,9,10,11,12,13,14,15,16].  Many 
of the PMCs used in the aerospace industry rely on this toughening method to improve 
composite performance [1].  The research for rubber toughening VEs has been very 
limited to this point.  There are inherent characteristics of VE resin that make them 
unsuitable for this toughening technique.  The first fundamental question we wish to 
answer is why VEs are difficult to toughen with a second phase, specifically rubber 
modifiers.   
 A second question involves determining how rubber modification improves the 
fracture toughness for epoxies and VEs.  The addition of a second phase into the resin 
matrix adds energy dissipating mechanisms that increase toughness during fracture.  By 
evaluating second phase morphology, we intend to develop an understanding of how 
microstructure relates to fracture toughness.  Furthermore, we wish to prove whether we 
can control the second phase morphology to enhance fracture toughness. 
 One of the recurring trends with VE resin is the difficulty in controlling the phase 
separation of a toughening modifier [17,18].  Therefore, our third technical objective is to 
look for an alternative method of toughening VE composites that does not rely on phase 
separation.  A major focus of composite toughening has been to add interlaminar layers,  
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Figure 1.3.  Illustration of the control variables expected to affect resin and composite 
behavior via effects on the energy dissipating mechanisms added to the system by the 
respective toughening technique. 
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which toughens the composite in a different manner than resin or rubber toughening 
[19,20,21,22,23,24,25,26,27,28,29,30,31,32].  By gaining an understanding of how 
second phase morphology affects fracture toughness in resins, our proposed interlayer 
method will try to achieve a synergistic toughening effect, where the fracture energy is 
increased by both the mechanisms of having an interlayer and those that increase the 
resin.  The interlayer in this work will be established by electrospun fibrous mats.  
Electro spinning is a process for producing continuous, randomly-oriented polymer fibers 
with diameters in the sub-micron range.  When infused with VE, the fibers can 
potentially mimic the microstructure that shows improvements in resin fracture toughness 
in addition to establishing a thickness-controlled interlayer.   
 The interphase behavior between VE resin and a second phase organic modifier is 
generally poor.  Therefore, the fourth fundamental question we wish to answer is what 
factors make this interface poor. Additionally, can we develop a method of controlling 
the interphase behavior between VE and an additive polymer?  It has been established 
that the addition of an organic modifier in a polymer is difficult due to the low surface 
energy of the organic material, calling for the modification of such fibers. 
[33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,
61,62,63,64,65].  Additionally for VEs, the presence of a diluent poses several other 
difficulties in between the matrix-organic fiber interaction.  The initial step in improving 
the fiber-matrix interface is to not only increase the fiber surface energy, but to add 
chemical reactivity to the fiber surface.  Plasma radiation is a useful tool to accomplish 
this goal.  The surface energy is improved by oxygenation of the fiber surface, and 
chemical functionality can vary depending on the plasma medium [66].  The secondary 
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step for interfacial improvement is the stabilization of plasma modification by subsequent 
reaction with a controlled polysiloxane structure.  The ability to modify the surface of a 
polymer using plasma radiation and subsequent silane treatment gives us the capacity to 
improve surface energy and control reactivity at the fiber-matrix interface.  In this part of 
the work, we will find what conditions are optimal for interfacial improvement. 
 The fiber-matrix interface strongly influences the overall properties of a 
composite material.  In our systems, the interfacial behavior is a complex issue due to the 
presence of an additional organic, fibrous material, where the inherent dimensions are 
much different than the reinforcing carbon fibers.  Therefore, the final objective of this 
work is to understand how the interfacial behavior influences the composite properties for 
a system containing more than one fiber-matrix interface.  The properties of most concern 
are mode I and mode II fracture toughness, Tg, flexural properties, and interlaminar shear 
strength (ILSS).  
 
 
1.2. Background 
 
 The following section provides a background for some of the fundamental 
concepts concerning VE-matrix composites.  A detailed discussion of vinyl ester is given 
focusing on the reaction chemistry and basic material properties.  Next, composite 
fabrication techniques are presented with an emphasis on the low-cost composite 
techniques for processing VE-matrix composites.  The final parts of this section are 
concerned with fracture toughness, and subsequent delamination characteristics of VE 
composites.  The delamination initiation, mechanisms and testing methods, and 
suppression (toughening) are discussed as they pertain to VE-matrix systems.   
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1.2.1. Vinyl Ester Resin 
 
 VE resin is a class of UPE that contains unsaturated sites in the terminal positions 
of the monomer.  These resins are derived from epoxy resins, most commonly diglycidyl 
ether of bisphenol-A (DGEBA), phenol-novolac, or tetrabromo-bisphenol-A.  The vinyl 
esters used in this work are based on DGEBA.  These resins are synthesized by the 
reaction of acrylic or methacrylic acid with the epoxy group, as shown in Figure 1.4. 
 VEs contain a styrene diluent that reduces viscosity to utilize low-cost processing 
techniques.  Additionally, the styrene acts as a chain extender during the free-radical bulk 
copolymerization that takes place during cure (Figure 1.5).  Several reactions occur 
during vinyl ester cure.  In order to cure at room temperature, an accelerant is used to 
enhance the decay of the initiator.  Once free radicals are formed, three types of reactions 
take place.  One reaction involves the homopolymerization of the VE monomers.  
Sections of the network where this reaction is prominent are highly cross linked.  The 
other type of homopolymerization that occurs is the chain extension of the styrene 
monomers.  Parts of the matrix where this mechanism dominates are lowly cross linked 
and exhibit properties comparable to polystyrene.  The last reaction mechanism is the 
copolymerization of the vinyl ester and styrene monomers/oligomers.  The nature of this 
cure results in a somewhat heterogeneous network structure, when compared to step 
polymerizing resins like epoxies. 
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Figure 1.4.  Synthetic route for the vinyl ester monomers used in this work. 
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Figure 1.5.  The free-radical bulk copolymerization of vinyl ester resin.  The cure of this 
resin involves several simultaneous reactions, including styrene homopolymerization, 
vinyl ester homopolymerization, and styrene-vinyl ester copolymerization. 
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The versatility in material properties and processibility of vinyl esters is attributed 
to the ability to control crosslink density.  Table 1.1 shows the effects of VE monomer 
molecular weight, and thus crosslink density, on the material properties of VE resin [67].  
The monomers were synthesized from several DGEBA systems under the trademark 
Epon.  Therefore, VE 828 corresponds to a VE monomer synthesized from Epon 828.  In 
general, a lowly cross linked VE corresponds to a tougher resin (increases in G1c and 
K1c); however, decreases are shown in Tg, modulus (E'), and processibility (increased 
viscosity).   
 
 
Table 1.1.  The material properties of vinyl ester resins containing VE monomers of 
different molecular weight [67]. 
 
 
VE Monomer 
 
 
VE 828 
 
VE 834 
 
VE 836 
 
VE 1001F 
 
Mw (g/mol) 
 
 
540 
 
642 
 
786 
 
1155 
Mc (g/mol) 203.3 216.0 234.5 331.2 
Viscosity (cP) 37.5 67.5 102.5 137.5 
G1c (J/m2) 78 ± 15 110 ± 10 180 ± 20 270 ± 30 
K1c (MPa⋅m½ ) 0.80 ± 0.04 0.83 ± 0.11 0.92 ± 0.16 1.16 ± 0.16 
Tg (°C) 144 132 121 116 
E' (GPa) at 30°C 3.26 NA 3.13 2.71 
E' (MPa) at 40°C above Tg 65.1 59.3 53.0 36.9 
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1.2.2. Composite Processing 
 
 In many cases, polymer composite processing utilizes the same technique as 
polymer processing, which includes injection molding, compression molding and 
extrusion. However, there are other techniques which are unique only to composite 
processing. These include filament winding, pultrusion, and hand lay-up.  In this section, 
common composite processing techniques are discussed to give a general perspective on 
the benefits of VEs for low-cost processing. Advantages of VEs that afford their use in 
low-cost techniques are low viscosity, ambient processing conditions, and the ability to 
control the pot-life or working time before gelation.  Vacuum assisted resin transfer 
molding (VARTM) is the method of composite processing used in this work and is the 
subject of the last part of this section. 
 
1.2.2.1. Hand Lay-up Molding 
Hand lay-up molding is the method of laying down reinforcement fabrics and 
subsequently painting them with a matrix resin layer by layer until the desired thickness 
is obtained.  The biggest drawback of this method is its time and labor consumption.  The 
high viscosity of thermosetting resins drives the need for this processing technique.  A 
large number of aerospace composites that are toughened with rubber modifiers are 
processed in this manner in combination with autoclaving.  This processing technique 
does have some advantages.  Because of the hand assembly involved in the lay-up 
procedure, one can align long fibers with controlled orientation. Another advantage is the 
ability to accommodate irregular-shaped products. 
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1.2.2.2. Spray-up Molding 
Spray-up molding is much less labor intensive than the hand lay-up method by 
utilizing a spray gun and a fiber cutter.  However, this technique is limited to only short 
fiber reinforced composites.  A continuous fiber is fed into a cutter and chopped. The 
chopped fiber is sprayed upon a mold with the stream of resin mist and catalyst delivered 
through separate nozzles. The sprayed mixture of fiber and resin soon cures on the mold 
at room temperature and the product is produced. Because of the spraying operation, 
large and complex-shaped objects can be easily made. 
 
1.2.2.3. Compression Molding, Transfer Molding and Resin Transfer Molding 
Compression molding uses a press to compress the resin and fiber mixture, or the 
layers placed by a hand lay-up method, typically at an elevated cure temperature. With 
the compressive force, the void content is lower than the ordinary atmospheric pressure 
processing method. 
A matched die mold allows shaping of the composite precursor into reproducible 
shapes.  Although a compression molding machine is used, it is still a labor intensive 
method because the laid-up materials must be weighed and hand-fed into the mold. 
Transfer molding is the improved version of compression molding since the 
fiber/resin mixture is transferred from the reservoir into the mold cavity by the press.  
The term "transfer molding" is used for a compression press operation.  A drawback to 
this technique is that a long-fiber reinforced composite cannot be made. 
Resin transfer molding (RTM) is the same as the ordinary transfer molding except 
that only the resin is transfer molded into the mold cavity where fabrics are placed 
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beforehand. Preforms of glass fibers and other reinforcements can be made with short 
fibers and sometimes continuous fibers. Preforms must be made to withstand the pressure 
of resin injection in order to avoid compression of the fibers during mold filling, which 
would lead to heterogeneous fiber distributions in the final part. The cure of the 
composite usually proceeds after resin-filling at an elevated temperature. 
 
1.2.2.4. Injection Molding 
Injection molding is probably the most extensively used method for processing 
short-fiber reinforced thermoplastics. The fiber/resin mixture, whether it is pre-blended or 
fed as a physical mixture, is fed into a hopper and transferred into a heated barrel. The 
material softens by the heat transfer from the barrel wall. At the same time, the screw 
rotates that applies high-shear to further heat the material and fill the barrel. The molten 
material is collected in front of the screw by its rotation, and then injected under high 
pressure into the mold cavity through a runner and a gate. The mold is cooled below the 
solidification temperature of the resin for the case of thermoplastics composites. The 
level of automation of this method is the highest among the various processing methods. 
Due to the intensive mixing with high-shear and passage through a narrow gate, extensive 
fiber damage occurs; therefore, injection molding for composite materials is suitable only 
with short fiber reinforced or particulate-filled polymers. 
There is a critical length of fibers below which the fiber length does not degrade. 
The critical length is determined by the rheological properties of the composite mold, 
fiber properties, and instrument factors.  Less fiber damage occurs when a plunger-type 
injection molding machine is used rather than a screw-type injection molding machine. 
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Because the plunger-type injection molding machine does not achieve a high degree of 
mixing in the machine, the raw materials must be thoroughly mixed prior to feeding. 
 
1.2.2.5. Reaction Injection Molding 
Reaction injection molding (RIM) is one of the newest processing methods. 
Instead of using already polymerized materials as matrices, highly reactive monomeric or 
oligomeric ingredients are placed in two tanks which are then quickly mixed by 
impingement, and injected into the mold cavity. As soon as the two materials are mixed, 
chemical reaction begins to form a polymeric matrix, which completes typically within 5-
30 seconds. Thus, the major portion of the RIM machine is a high pressure pump and a 
metering system. Again, with high intensive shear, only short fibers and fillers can be 
used as reinforcements. However, RIM utilizes low viscosity chemicals and this allows 
the pre-placement of continuous fiber-woven fabrics in the mold in the same manner as 
resin transfer molding. A distinction between these two methods is associated with the 
preparation of the resin precursor. When the resin formulation is already made, the 
method is called RTM while if the resin is prepared in-situ by an impingement or static 
mixer, the method is termed RIM. 
 
1.2.2.6. Pultrusion 
In the pultrusion process, a bundle of fiber rovings is passed through a wet resin 
bath, squeezed into a desired shape, passed through a heated die, and cured into a final 
composite. The solidified composite, typically reinforced uni-directionally with 
continuous fibers or sometimes bi-directionally, is drawn by a puller to continuously feed 
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the uncured portion of the wet fibers into the hot die.  This is one of very few continuous 
processing methods for continuous fiber reinforced composites.  Only constant cross-
sectional products can be made; however, the shape of the cross-section does not 
necessarily have to be the same. 
 
1.2.2.7. Filament Winding 
Filament winding is also a unique processing method for polymer composite 
processing with a continuous reinforcing fiber. Resin-wet rovings are wound with a 
certain pattern around a mandrel. The wound mandrel is then placed into an oven and 
cured to a solid composite.  Controlled tension, squeezing action, and controlled winding 
pattern can yield high fiber content and composites with superior mechanical properties. 
The winding process is time consuming and causes low productivity.  However, it is 
actively evaluated by the aerospace industry because of its high mechanical properties 
with automated operation,. 
 
1.2.2.8. Vacuum Assisted Resin Transfer Molding (VARTM) 
Hand lamination has offered a suitable method for producing large, low-volume 
products, but has generally suffered from inconsistent mechanical properties, operator 
variability, and increasingly from legislation concerning the permitted levels of volatile 
organic compounds.  An alternative technique, based on resin infusion, uses a variant of 
the RTM process where a closed mold system is still used but with one tool face typically 
replaced by a flexible film. Emissions are therefore reduced, together with the cost of 
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extraction and treatment. The capital equipment required for the resin infusion process is 
simply the mold tool and a vacuum pump. 
The use of only one tool reduces costs and with virtually no size limitations, large 
and small components with multidimensional reinforced parts, can be produced. Resin 
infusion processes can be used for a variety of thermoset matrices and most conventional 
woven or stitched fabrics. It offers the advantages of relatively low tooling costs for high-
performance components with more consistent properties than wet-laid components. 
Higher fiber volume fractions together with a more uniform microstructure and minimal 
void content lead to improved mechanical performance compared with hand lamination. 
The VARTM setup used to process vinyl ester composites in this work is 
illustrated schematically in Figure 1.6.  To produce a component, the dry fabric is 
positioned in the mold and enclosed in a vacuum bag, with a peel ply and a flow medium 
often placed between the laminate and the bagging film. The vacuum removes air from 
the dry fiber bed (hence minimizing trapped air) and then draws resin from a container 
(usually at atmospheric pressure) into the reinforcement. The flow of resin into the carrier 
layer floods one surface of the component and impregnation occurs by through-thickness 
flow simultaneously across the whole component. Flow results only from the vacuum 
drawn under the film and any gravity effects. The flow front in the reinforcement also 
pushes any residual air towards the vacuum port.  
Figure 1.7 illustrates the geometric versatility of the VARTM process.  In this 
particular application, the hood for an Army vehicle, comprised of vinyl ester resin and 
glass reinforcing fibers, is processed.  For parts of this size, vacuum is pulled at several 
points on the part to ensure complete wetting and evacuation of air from the system. 
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Figure 1.6.  A schematic representation of the VARTM setup used to make the VE-
matrix composites studied in this work. 
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Figure 1.7.  VARTM as a method for producing large composites with versatile geometry 
design.  This particular composite was processed for the hood of an Army vehicle [68]. 
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1.2.3. Impact Performance and Composite Delamination 
 
 The usefulness of PMCs in various applications is often dictated by the impact 
performance of the composite.  Impact performance refers to two types of behavior: 
damage resistance and damage tolerance.  Damage resistance refers to the ability of a 
composite to sustain a given impact and undergo minimal damage.  Upon impact in a 
relatively tough composite, a variety of mechanisms occur that absorb the incident energy 
of the impact.  The problem with most composites is that the matrix materials are brittle, 
thus limiting any energy absorbing mechanisms.  Therefore in most cases, the first 
fracture event during an impact is the formation of matrix cracks within the plies, caused 
by through-thickness shear stresses generated by the out-of-plane impact forces.   
 The second aspect of impact performance is the ability of a composite to sustain a 
given level of damage with minimal effect on the structural performance, known as 
damage tolerance. A common failure mode after initial damage involves interlaminar 
cracking, otherwise known as composite delamination.  This is the most prevalent life-
limiting crack growth mode in most composite structures [1].  Other than impact, 
delamination can occur from eccentricities in the structural load path or from 
discontinuities in structures, which induce a significant out-of-plane stress [1].  
In addition to mechanical loads, moisture and temperature may also induce 
interlaminar stresses in a laminate. These may be the results from the residual thermal 
stresses caused by cooling from the processing temperatures, the residual stresses created 
by the moisture absorption in the laminate, and moisture through the thickness of the 
laminate. Delamination growth in the composite structure can cause severe reductions in 
strength properties, though it seldom leads to immediate catastrophic failure. Instead, 
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delamination occurring under in-plane loading normally induces local damages resulting 
in the loss of stiffness, local stress concentration and local instability. This delamination 
often leads to a redistribution of stresses, which would eventually promote gross failure. 
This is one reason why past applications of composite materials in the aerospace 
industries have been largely limited to secondary structural components, such as wings 
and stabilizers, where load paths are well defined and load-induced failure is not life 
threatening.  
In should be noted that damage resistance and damage tolerance are not directly 
related, since each of these properties is controlled by different parameters.  Therefore, 
damage tolerance encompasses the overall ability of a composite to withstand an impact 
with minimal losses to its structural performance. 
 
1.2.4. Delamination Modes 
 
Composite structures in service are often subjected to complex three-dimensional 
load paths. In general, an initiated delamination will be subjected to a crack driving force 
with a mode I (opening), a mode II (forward shear), and a mode III (anti-plane shear), as 
illustrated in Figure 1.8.  Because delamination is constrained to grow between individual 
plies, both interlaminar tension and shear stresses are commonly present at the 
delamination front. Therefore, delamination in practical composites is almost always a 
mixed-mode fracture process. It is generally accepted that the interlaminar fracture 
toughness of a composite is determined principally by the inherent properties of the 
matrix material including the failure strain, the ability of plastic deformation, and fracture 
toughness, and further that the fiber-matrix interface properties are not the decisive factor 
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Figure 1.8.  Interlaminar delamination modes in PMCs (taken from Kim and Mai [69]). 
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in determining the interlaminar fracture toughness.  In this section, we discuss the various 
techniques for testing the different delamination modes in advanced PMCs. 
 
1.2.4.1.  Mode I Delamination 
 The usual definition of mode I for unidirectional composites pertains to the 
opening mode for a crack lying in a plane of symmetry parallel to the fibers. This is 
thought to represent the "longitudinal splitting" mode and also the opening mode for a 
delamination crack. Experimental measurement of mode I fracture toughness involves a 
double cantilever beam (DCB) technique [69]. The most common specimen 
configuration is given in Figure 1.8.  This approach is designed for unidirectional 
composites; otherwise, mode separation becomes an issue.  The main drawback for this 
testing method is the deviation of the propagating crack from the theoretically-preferred 
path.  These deviations can occur for a few reasons. First, the crack front may not be 
straight, resulting from a variation in G (fracture toughness) across the width of the beam. 
Second, the crack path may wander and follow fiber–matrix interfaces, so there is a 
micromechanical aspect of the problem.   
 The specimen given in Figure 1.9 has a constant width along the sample length.  
An alteration of this sample geometry employs tapered width geometry.  This technique 
allows the G1c to remain constant, and independent of the crack length, when the crack 
propagates under a constant load.  Therefore, the crack length does not need to be 
monitored throughout the test. Its disadvantages are the cost for specimen preparation and 
the need for separate measurement of flexural modulus of the specimen.  In this work, we 
have chosen the constant width DCB sample for mode I fracture toughness evaluation. 
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Figure 1.9.  DCB specimen and loading conditions to measure mode I fracture toughness 
(taken from Thanomsilp and Hogg [70]). 
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The calculation of DCB can be undertaken using two analysis techniques: the 
compliance method or direct fracture energy method.  The compliance method is derived 
from the equation for the critical strain energy release rate, GIc, based on Gurney and 
Hunt (1967), given by equation 1.1,  
da
Cd
b2
PG Ic =      [1.1] 
where P is the load taken when the delamination crack propagates, b the specimen width, 
and a the crack length. C is the compliance of the specimen given by equation 1.2, 
P
C δ=       [1.2] 
where δ is the displacement of the loading point measured at the load, P. To evaluate GI 
using the compliance method, plots of C against crack length, a, need to be constructed 
from which the differential compliance can be determined. Knowing the load, P, and the 
differential, dC/da, the GIc values at any crack length can be evaluated using equation 1.1.  
In this work, we have used the compliance method for GI calculation. 
 The direct fracture energy method, or area method, relates the crack extension 
directly to the area under the P-δ curve, (∆U) that is enclosed between the loading and 
unloading paths for extension of a known crack (∆a).  The calculation of GIc is given in 
equation 1.3. 
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∆=     [1.3] 
The accuracy of this calculation is strongly dependent upon the stability of the crack 
propagation.  If large, unstable crack jumps are prevalent with load drops, equation 1.3 
becomes invalid as a result of the kinetic energy lost during fracture.   
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1.2.4.2. Mode II Delamination 
The pure mode II interlaminar fracture testing can be performed using the end 
notched flexure (ENF) specimen, given in Figure 1.10.  The ENF specimen is essentially 
a three-point flexure specimen with an embedded delamination located at the mid-plane 
of the laminate where the interlaminar shear stress is at its maximum when loaded. An 
almost pure shear prevails at the tip of the mid-plane delamination [69].  The major 
difficulty in designing a pure mode II specimen is preventing any crack opening without 
introducing excessive friction between the crack faces. The compliance method given by 
equation 1.4 (equation for ILSS) can be used here to determine the mode II strain energy 
release rate, GIIc. The relationship between C and a is much more complicated for the 
ENF test than for the DCB test for mode I measurement. Although many equations have 
been proposed, the equation based on the classic beam theory has been most widely used, 
given by equation 1.5 [69]. 
bt4
P3 max
max =τ      [1.4] 
3
33
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a3L2'E +=     [1.5] 
where E' is the effective Young’s modulus and L, the half-span length. Therefore, the 
expression for GIIc is obtained for small values of ( E’E/Gs ) ( h/a )2 , where Gs, is the 
interlaminar shear modulus [69], and is given by equation 1.6. 
)a3L2(b2
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Figure 1.10.  Specimen for the ENF test to measure mode II delamination. 
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 For tough materials, unstable crack propagation results in the determination of 
only one fracture toughness data point, which is only part of the propagation values.  The 
end-load split specimen (ELS) provides an alternative method to mode II measurements 
that exhibits more stable crack propagation. 
 
1.2.5. Suppression of Delamination (Toughening) 
 
 The application of PMCs as structural components in the aerospace industry 
hinges on the ability to improve the impact properties of these materials.  Over the last 
twenty years, a major emphasis of researchers has been to increase the fracture toughness 
of PMCs.  Several techniques have been utilized to improve fracture behavior, involving 
the development of new materials and processing concepts.  A summary of these 
techniques is given below. 
• Matrix toughening 
• Interleaving or interlayer toughening 
• Reinforcing fiber design 
o Woven fabrics 
o Non-crimp fabrics (NCF) 
o Mixed-woven fabric laminates 
o Three-dimensional architecture 
o Stitching 
o Z-pinning 
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The first two techniques, matrix and interlayer toughening, will be the focus of 
this section since the design of the reinforcing fibers can be used in combination with 
these methods.   
 
1.2.5.1. Matrix Toughening 
 A natural way to improve impact performance of thermosets is decreasing the 
cross link density of the network, which has been studied in great detail for epoxy 
systems [71-73].  We have shown that this method is also effective for VE resins [67].  
Synthesizing VE monomers with a higher molecular weight or adding more styrene to the 
resin decreases the network cross link density. A more ductile network enhances the 
plastic deformation during fracture, which is the most prevalent energy dissipating 
mechanism in toughened thermosets.  The major disadvantage of this toughening method 
is the direct trade-off in other properties, such as modulus, glass transition temperature 
(Tg), and processibility.  For these reasons, other routes for toughening thermosetting 
polymers have been sought that include the addition of second phase modifiers.  The 
following section emphasizes the effects of rubber and thermoplastic modification.  
Additionally, the relationship of matrix toughening to composite interlaminar fracture 
toughness is addressed. 
 
Rubber Toughening 
Several second phase modifiers have been used to toughen thermoset resins.  
These toughening agents include rubber modifiers and inorganic fillers, such as alumina, 
silica, barium titanate, glass beads and aluminum hydroxide [69].  A second phase 
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(specifically rubber modifiers) in the thermoset induces mechanisms that enhance the 
resistance of fracture.  Some of these mechanisms include (1) shear band formation near 
rubber particle, (2) fracture of rubber particle, (3) stretching, (4) debonding, (5) tearing of 
rubber particles, (6) transparticle fracture, (7) debonding of hard particle, (8) crack 
deflection by hard particle, (9) cavitated or voided rubber particle, (10) crazing, (11) 
plastic zone at crack tip, (12) diffuse shear yielding, and (13) shear band-craze interaction 
[69]. 
 A very common form of resin toughening includes the addition of acrylonitrile-
butadiene-based rubber modifiers.  Epoxy resins have experienced significant 
improvements in fracture toughness using this method, which can be found extensively in 
literature [2-16].  For example, phase separation of a carboxyl-terminated rubber (CTBN) 
from a reacting mixture of diglycidyl ether of bisphenol-A (DGEBA) and diamines (e.g. 
diamino diphenyl sulfone) results in a well-dispersed phase of rubber particles having 
typical dimensions of 1 µm and a material with improved toughness.  For high molecular 
weight DGEBA systems, the increase in fracture toughness is more dramatic, reaching up 
to one order of magnitude [7].  In this toughening method, the rubber modifier must be 
miscible with the resin at processing temperature and should fully precipitate from 
solution during cure to avoid plasticizing the epoxy phase.   
Many toughening mechanisms have been proposed to explain rubber toughened 
thermosets [2-4].  The most generally accepted toughening mechanism involves rubber 
cavitation and subsequent shear deformation of the matrix.  This mechanism was first 
proposed by Bascom [5,6], and the role of rubber cavitation was further explained by Yee 
and Pearson [7,8] and Kinloch [9-12].  Tri-axial tension around a propagating crack tip 
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causes the formation of holes in the rubber phase, otherwise known as rubber cavitation.  
The presence of voids in the rubber phase induces other energy dissipating mechanisms; 
including enhanced matrix shear yielding, matrix shear deformation through dilatational 
void growth, and shear banding between the cavitated particles. A comprehensive 
investigation by Yee and Pearson demonstrated that the extent to which plastic 
deformation and cavitation occurs depends on the shear yielding ability of the thermoset 
and that this toughening mechanism can be maximized by decreasing the cross link 
density of the thermoset [7].  Secondary toughening mechanisms that can potentially 
contribute to small improvements in fracture toughness include crazing of the matrix, 
rubber-particle bridging, plastic zone formation in the matrix, crack-pinning, and crack 
deflection by the rubber particles. 
Since rubber modification of epoxies has been successful, many research groups 
have tried to achieve similar results with VE resins. Dreerman et. al attempted to toughen 
VE using an epoxy terminated butadiene-acrylonitrile (ETBN) and vinyl terminated 
butadiene-acrylonitrile (VTBN) rubber [17] They found that ETBN yielded the highest 
degree of toughening with approximately 70% increase in K1c, achieving only a fraction 
of the increase in K1c found for modified epoxies. Also, the rubber modifiers were not 
compatible with VE, which is a necessary condition for controlling phase separation and 
obtaining stable resin systems during storage. Attempts to improve the compatibility 
(increased temperature, ultrasonic treatment, and surfactants) were not successful. Ullet 
et. al reported similar trends when toughening vinyl ester [18], where two-phase mixtures 
were reported for butadiene-acrylonitrile-based rubber modifiers.  Compatible agents 
improved the solubility of the rubber, but hindered the phase separation during cure.  
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Also, a relatively low increase in K1c (116%) was achieved when compared to epoxies. 
Siebert and coworkers [16] were able to obtain higher levels of toughness, as high as a 
540% increase in K1c. Unfortunately, this required relatively high rubber concentration 
and resulted in significant plasticization of the vinyl ester matrix. Similar problems with 
toughening vinyl esters were also realized by other research groups [72,73,74]. 
 
Thermoplastic Modification
 Although the addition of rubber modifiers to thermosetting resins has improved 
fracture toughness, significant reductions in Tg, modulus, and strength have been shown.  
Another approach to toughening thermosets involves using a thermoplastic polymer as a 
toughening agent [75,76,77,78,79], where the majority of research has focused on epoxy 
systems.  A thermoplastic is dissolved in an epoxy prior to cure and separates into a 
second phase during cure.  Some thermoplastics that have been used are poly (ether ether 
ketone), polycarbonate, polyetherimide, polysulfone (PSF), and polyethersulfone.  Since 
these thermoplastics have superior mechanical and thermal properties to a rubber 
modifier, the properties of the toughened epoxy are more likely to be maintained.   
 The microstructure of the thermoplastic phase is dependent upon the 
concentration of the thermoplastic.  At low modifications with polysulfone, we have 
shown that the thermoplastic separates into particle-like morphologies dispersed 
throughout the resin [80].  At higher levels of modification, the thermoplastic forms a co-
continuous phase throughout the resin [80].  Huang et. al studied the effects of PSF 
addition on the properties of an epoxy-amine (DGEBA-DDS) resin.  They found that 
with increasing PSF content, the fracture toughness (G1c and K1c) improved to a 
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maximum level of 20% increase from the unmodified epoxy. Additionally, increases 
were observed in Tg, flexural, and tensile properties.  The improvement in fracture 
toughness of this system was minimal when compared to the increases realized in rubber 
toughened systems, which has also been observed by other research groups with other 
thermoplastics [79].  The slight improvements in fracture toughness have been attributed 
to crack pinning, rupture of the thermoplastic phase, and the plastic deformation of the 
epoxy around the thermoplastic phase.   
   
Translation of Resin Toughening to Composite Properties 
 As mentioned in the previous sections, there are many routes for improving the 
fracture toughness of a neat resin.  However, the translation of resin toughening to 
composite toughening has not been fully realized.  Bradley performed a comprehensive 
summary on the relationship between matrix toughness and composite interlaminar 
fracture toughness [69].  In this compilation of data, Hunston et. al showed that rubber 
modified epoxies exhibit a twenty-fold increase in matrix fracture toughness (G1cm), 
while the composite fracture toughness (G1cc) only increased about eight-fold, indicating 
that the degree of toughening for composites has a strong dependence on the original 
brittleness of the matrix.  For brittle matrices (G1c < 0.5 kJ/m2), the composite fracture 
toughness exceeds that of the bulk resin toughness.  Incremental increases are seen in 
G1cc with increasing G1cm up to a fracture toughness of approximately 2.0 kJ/m2, where 
any further increases in resin fracture toughness have no effect on composite fracture 
toughness.  For brittle resins, the fact that G1cc is higher than G1cm suggests the full 
development of an intrinsically small plastic deformation zone that fully transfers the 
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resin toughness to the composite.  Energy dissipating mechanisms such as interface 
debonding and fiber bridging can also enhance the toughness in brittle matrix systems.  
When the matrices become tougher (G1c > 0.5 kJ/m2), the high resin toughness is only 
partially transferred to the composite.   
 Several explanations have been proposed for the lack of translation of matrix 
toughness to composite interlaminar fracture toughness.  Bascom and Cottington 
proposed that the reinforcing fibers act as rigid fillers and constrain plastic deformation 
and/or microcracking at the crack tip, which suppresses the toughening effect of the resin 
[69].  Other factors that influence the correlation between G1cc and G1cm include the 
matrix failure strain or ductility, the bond strength of the fiber-matrix interface, the fiber 
volume fraction, and the distribution of fibers in the composite [69]. 
 For these reasons, matrix toughening has limitations to the extent as to which it 
can toughen composites.  For systems requiring G1cs greater than 0.5 kJ/m2, matrix 
toughening is not a feasible method for improving fracture toughness.  Although 
increasing G1cm has shown incremental increases in G1cc up to 2.0 kJ/m2, the reduction in 
other matrix properties makes this an unattractive method of toughening. 
 
1.2.5.2. Interlayer Toughening (Interleaving) 
 Interlayer toughening, or interleaving, provides an alternative to matrix 
toughening in composites.  This method involves the introduction of discrete layers 
comprising a secondary material embedded between the composite plies.  Several types 
of interlayer materials and morphologies have been investigated.  Interlayer materials 
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have comprised mostly thermoplastics.  Interlayer forms that have been studied are films 
[21,30,31], particles, [22-24,27] whiskers[25], or resin only [20,29]. 
The following section gives a general overview of the work undertaken over the 
last two decades in interlayer toughening.  The first section addresses the early work in 
interlayer toughening, where the addition of thermoplastic films was most prevalent.  In 
this work, it was realized that the interlayer thickness was a major contribution to 
increased interlaminar strength.  The next section addresses the next generation of 
interlayer systems, where tough particulates were added to the surface of the composite 
fibers to form an interlayer during prepreg processing.  The micromechanics of 
delamination were well characterized in these studies, studying the effects of matrix 
ductility, interlayer thickness, and particle morphology.  In the third section, a description 
is given for methods used to improve the interfacial performance of the matrix and the 
interlayer, both films and particulates. The fourth section covers the evolution of 
interlayer toughening from prepreg systems to more inexpensive processing techniques 
such as RTM and VARTM.  The final section presents a novel concept of using 
electrospun fibers as toughening interlayers, which is the proposed toughening method of 
this work. 
 
Interlayer Thickness and Film Interlayers 
The first investigations of interlayer toughening involved the use of thermoplastic 
films [30].  It was generally found that the interlayer thickness was the most important 
factor in improving mode I and mode II fracture toughness, where the toughness of the 
composite increased with the film interlayer thickness.  A plateau effect was observed at 
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a certain interlayer thickness, where the fracture toughness remained constant [30].  A 
major drawback to film interlayers was the adhesion between the thermoplastic film and 
the polymer matrix.  This poor interface led to reductions in other composite properties.  
Additionally, weight penalties were realized by the addition of relatively thick interlayers.  
The importance of interlayer thickness on composite fracture toughness led 
researchers to investigate interlayers containing only the matrix resin [20,29].  In these 
works, attempts were made to isolate the effect of interlayer thickness on toughness from 
the addition of a thermoplastic toughening agent.  Singh et. al added epoxy resin-rich 
interlayers varying from 50 to 200 µm in epoxy/carbon fiber prepreg composites.  For the 
thickest interlayer, they showed a 70% and 200% increase in mode I and mode II fracture 
toughness, respectively.  Fracasso et. al studied the effect of 50 and 100 µm thick resin-
rich layers in a poly(ether ether ketone) (PEEK)/carbon fiber prepreg composite [20].  
The improvements in mode I and mode II fracture toughness were comparable to those 
experienced by Singh et. al [29]. 
The correlation between interlayer thickness and fracture toughness can be 
attributed to the ability of the matrix to undergo plastic deformation during delamination.  
For composites without interlayers, the plastic deformation of the matrix is suppressed by 
the reinforcing fibers.  When the interlayer is added, the distance between the reinforcing 
fibers is greater, thus allowing full development of the plastic deformation zone.   
In addition to increased plastic deformation, the interlayer also affects the failure 
mechanisms and crack propagation.  The delamination mechanism for unmodified 
composites involves a competition between matrix cracking and interfacial debonding.  
In mode I fracture, interfacial debonding appears to be the dominant failure mode; 
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whereas in mode II, there is no observation of interfacial debonding, suggesting that the 
fracture is controlled more by the plastic deformation of the matrix and the ability to 
withstand matrix cracking.  In the aforementioned studies, it was observed that in the 
presence of an interlayer, the crack propagation is constricted to the interlayer and not at 
the fiber-matrix interface.  Singh et. al observed a change in crack path direction during 
delamination.  The crack oscillated between the two ply boundaries during fracture [29].  
Fracasso reported that most of the fibers were coated with the resin after failure in both 
mode I and mode II [20].  This observation proved that the crack propagates in the 
interlayer.  Additionally, the lack of fiber-matrix interfacial debonding in mode I showed 
that this was no longer the controlling failure mechanism.  Since the crack was 
constrained in the resin rich layer, an increased level of plastic deformation occurred, 
thus improving fracture toughness.  For mode II, the failure mechanism was not changed.  
However, the increased resin volume allowed for more plastic deformation and increased 
toughness. 
 
Factors Influencing Toughness for Particulate Interlayers  
The shortcomings of film interlayers are increased weight and poor matrix-
interlayer interfacial performance.  In order to avoid these issues, rubber and/or 
thermoplastic particles have been applied to the surface of the fibers in the prepreg 
laminate prior to processing [22-24,27].  During processing, the particles establish an 
interlayer while the laminates are being compressed.  The establishment of a particulate-
morphology interlayer has shown significant increases in mode II fracture toughness.  In 
fact, commercial products currently exist utilizing this technology, which are Hexcel 
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M21 and Torayaca T800H/3900-2.  The latter product was used as a support structure in 
a Boeing 777. In both of these systems, thermoplastic particles are sprayed onto the 
surface of woven prepreg laminates.   
 In numerous research publications, increases in interply thickness and matrix 
ductility have been found to improve the mode II fracture toughness of PMCs for 
composites containing particulate interlayers [19,20,29,31].  It is generally believed that 
the bridging of microcracks by the particles gives increased toughness.   Groleau et. al 
attempted to determine the primary toughening mechanisms in nylon particle-interlayered 
carbon fiber/epoxy composites [23].  Composites containing varying thickness of the 
interlayer (via particle size), epoxy ductility, and particle concentration were studied to 
address which factors were most influential for toughening. 
  The ductility of the matrix proved to significantly impact the delamination 
behavior of a composite.  For a lightly cross linked resin, plastic deformation (via shear 
banding observation) occurred anywhere from 7 to 11 mm ahead of the delamination 
crack.  The shear bands spanned the entire thickness of the interlayer, becoming 
constrained between the laminates.  Final failure occurred at the matrix-laminate interface.  
When the crosslink density was increased, the plastic deformation zone was reduced to 
100 µm ahead of the crack tip.  Additionally, the shear banding was localized closer to 
the crack tip and did not span the entire interlayer thickness.  In this system, the final 
failure occurred within the interlayer.  For very brittle systems, no plastic deformation 
was present near the crack tip.   
 When adding interlayers to the composite, the matrix ductility influences the 
effectiveness of the particle modifiers.  For highly ductile resins, the addition of the 
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interlayer particles has no effect on the delamination of the composite.  The effectiveness 
in toughening is achieved by establishing an increased interlayer between the laminates, 
thus allowing the formation of a larger plastic deformation zone.  Mode II fracture 
toughness was found to increase linearly with interlayer thickness, regardless of the 
concentration of nylon particles.  Also, the presence of microcracks as reported by other 
groups was not observed. 
When the resins become less ductile, the particles act as stress concentration 
zones and induce plastic deformation between the particles.  The plastic deformation 
extends to further distances ahead of the crack tip and spans a much greater amount of the 
interlayer.  In addition to increased plastic deformation, microcracking occurs in the 
matrix around the particles.  These microcracks interact strongly with the particles, 
growing through and around them.  The particles were observed to bridge the cracks.  In 
some instances, several particles each bridged 2-4 microcracks.  During bridging, the 
particles are significantly deformed and absorb relatively large amounts of energy in the 
process.  It was reported that the particles failed 10 mm behind the crack tip [23]. 
 The particle concentration affects the fracture mechanisms and toughening effects 
in interlayered composites.  In the work accomplished by Groleau et. al, the volume 
fraction of nylon particles was approximately 30-40% [23].  The dispersity of the 
particles throughout the layer, however, was not homogeneous.  Therefore, high and low 
concentration zones existed in the system.  In the high concentration zones, the density of 
microcracks was much greater along with the promotion of particle-bridging for low-
ductility resins, thus having more of a toughening effect.   
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 The addition of rubber and thermoplastic particles has shown improvements in the 
fracture toughness of prepreg composites.  The major energy dissipating mechanisms 
attributed to the particles is the increase in the extent of matrix plastic deformation and 
the promotion of microcracking followed by particle-bridging.  One problem with 
particulate interlayer-toughening is the lack of direct control of interlayer thickness.  The 
thickness of the interlayer is governed by the size of the particles.  Often times, the 
interlayer has a non-uniform thickness, which can affect the delamination mechanisms.  
Another disadvantage of particulate interlayers is the inability to control the distribution 
of particles throughout the interlayer, resulting in a heterogeneous microstructure.   
 
Improvement of Interlayer-Matrix Interface 
 The interphase behavior can considerably influence the ultimate properties and 
performance in composite systems.  When adding an interlayer (film or particles), 
another interface is introduced into the system.  In addition to the fiber-matrix interface, 
the composite possesses an interlayer-matrix interface.  In many interlayer-toughened 
systems, the poor interfacial behavior between the interlayer and matrix has resulted in 
poor properties.  The most current method for improving interfacial performance involves 
the use of ionomers as interlayer materials.  Ionomers are thermoplastic polymers that are 
ionized by a metallic ion.  They generally have high ductility and good adhesion to epoxy 
resins.  Matsuda et. al incorporated ionomers based on an ethylene-methacrylic acid 
copolymer ionized with Zn as interlayers with thicknesses ranging from 12 to 200 µm 
[26].  As in most interlayer systems, the fracture toughness increased proportionally with 
increasing interlayer thickness.  An eleven-fold increase in GIc to almost 2.0 kJ/m2 was 
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exhibited by the 200 µm-thick ionomer interlayer.  The binding of the ionomer to the 
prepreg laminates during delamination enhanced the fracture toughness of the system. 
 
Interlayers in RTM Systems 
 The development of interlayer-toughened prepreg composite systems has been 
somewhat successful.  The processing of these parts, however, is relatively expensive.  
RTM techniques provide a more cost-efficient alternative to composite processing than 
prepreg systems.  Therefore, economic demands drive the interest in applying the 
techniques used for toughening prepreg systems to RTM systems.  There are several 
challenges associated with adding particles to establish interlayers.  First, the 
agglomeration of the particles can cause a heterogeneous interlayer.  Particle-modified 
spray tackifiers result in a much more homogeneous distribution in the interlayer than the 
older powder tackifiers [24].  A second problem involves the migration of the particles 
from the system.  In some instances, the particles are soluble in the matrix resin and are 
dissolved and carried out of the system.  Seferis et. al reduced these effects by increasing 
the molecular weight of the particle/tackifiers and reducing the processing temperature of 
the resin [24].  Another likely reason for migration is attributed to the force of the resin 
flow.  Hillermeier et. al used nylon particles to interlayer-toughening a DGEBA-based 
epoxy system [24].  They estimated that the interlayer was comprised of roughly 33 wt.% 
nylon particles.  The incorporation of spray tackifiers established a relatively 
homogeneous interlayer, resulting in minimal decreases in Tg from the unmodified 
composite.  The GIIc and ILSS were improved to roughly 2.2 kJ/m2 and 75 MPa, 
respectively, from values of 1.7 kJ/m2 and 73 MPa.  This level of toughening is not quite 
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as significant as for the prepreg systems.  Also, a slight decrease was observed in the 
mode I fracture toughness.  The importance of this work was that some of the challenges 
of interlayer-addition to RTM systems were solved. 
 An additional cost benefit for RTM systems is the potential to process composites 
at room temperature, known as VARTM.  Vinyl esters are a class of resins that are 
comparable to epoxy in properties, but can be processed at room temperature.  
Stevanovic et. al added poly(acrylonitrile-butadiene-styrene) (ABS) particles to 
commercially rubber-toughened VE resin (Derakane 8084)/glass fiber composites [22].  
They investigated the effects of particle concentration and interlayer thickness on the 
composite delamination properties.  In all cases, the addition of the ABS particles 
improved the mode I and mode II fracture toughness.  The toughening mechanisms were 
the same as the epoxy systems, which include microcracking and increased plastic 
deformation between the particles.  The rubber particle concentration had a more 
substantial impact on fracture toughness than the interlayer thickness.  For epoxy 
composites, the interlayer thickness is the primary reason for toughening due to a fuller 
development of the plastic deformation zone.  Since thickness has a minimal effect on 
toughness for VE systems, it would appear that VEs generally undergo less matrix shear 
yielding than epoxies.  At relatively high rubber particle concentrations, the particles 
forced the VE matrix to undergo increased levels of plastic deformation.  The increased 
density of microcracks also enhanced toughness.  It should be noted that Stevanoic 
reported extremely high values of GIc and GIIc for these systems.  The values reported 
were more than double those for epoxy prepreg systems. 
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Novel Concept - Electrospun Fibers as Toughening Interlayers 
 The proposed method of toughening in this work involves the addition of 
thermoplastic electrospun fibers as toughening interlayers in vinyl ester composites.  This 
idea borrows some of the concepts that have worked for epoxies and improves the 
problems associated with each type of modification to the composite.  For interlayer 
toughened composites, problems have been reported with controlling the concentration of 
particles in the interlayer [23,24].  Additionally, the interlayer thickness is difficult to 
control since the thickness is coupled with the size and distribution of the particulates.  
These problems can be avoided by adding an electrospun mat as an interlayer.  In these 
mats, the ratio of fiber length to diameter is extremely high due to the continuous nature 
of the fibers.  Therefore, during resin infusion, the fiber will maintain their thickness and 
distribution much better than the particulate systems. 
Dzenis et. al proposed the concept of using electrospun polymer nanofibers for 
nano-reinforcement at interlaminar interfaces in epoxy-matrix composites [81].  In this 
technique, the expected delamination suppression occurs by the reduction of interlaminar 
stresses through “smearing” the mismatch of ply properties in multi-directional laminates.  
A major problem with this technique is the difficulty in complete wetting of the 
electrospun fibers owing to poor interfacial performance with the resin. 
 
1.3. Overview 
 
 The foregoing discussion examines the effects of composite modification on the 
improvement in fracture toughness, and thus the performance, for VE-matrix composites.  
Two types of modifications were undertaken to improve fracture toughness:  resin and 
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interlayer toughening.    For both systems, we focus on the relationship between the 
microstructure of the modifier, with particular emphasis on the interfacial behavior 
between the modifier and vinyl ester phase, and the ultimate properties of the composite. 
 In Chapter 2, resin toughening via rubber modification is characterized by the 
rubber reactivity and content for both vinyl esters and epoxies.  Comparisons are made 
between the interphase of the rubber-VE and rubber-epoxy and related to the ultimate 
properties of each resin system. The differences in cure behavior and rubber-resin 
compatibility affect the rubber-matrix interphase, making rubber toughening less 
conducive for vinyl esters.  Therefore, Chapter 2 provides a motivation to seek other 
toughening methods for vinyl ester composites. 
Chapters 3 and 4 introduce the concept of using polysulfone electrospun 
interlayers to improve the fracture toughness of the VE composites.  In these chapters, we 
highlight some shortcomings associated with this technique.  Problems associated with 
the VE-polysulfone interphase have detrimental effects on composite properties.  
Chapters 5 and 6 focus on controlling the VE-polysulfone interphase by changing the 
surface characteristics of the fibers.  In Chapter 5, plasma radiation incorporates oxygen 
moieties to the surface of the fibers, making the fibers more “wettable” and possessing 
chemical functionality.  Chapter 6 involves using the oxygen moieties to graft a 
controlled polysiloxane structure to the surface of the fibers.  
The objective of Chapter 7 is to link the control variables given in Figure 1.3 to 
the resin and composite properties.  In this chapter, we compare resin toughening to 
interlayer toughening.  The microstructure of the toughening phase for both systems is 
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Figure 1.11.  The relationship between the contents of Chapters 2-7 and the methodology 
of Figure 1.3. 
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examined and related to the differences in resin and composite properties.  Figure 1.11 
summarizes the relationship between the contents of Chapters 2-7 and the methodology 
of Figure 1.3. 
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CHAPTER 2: RUBBER TOUGHENING 
 
2.1. Introduction 
 
As discussed in Section 1.2.5.1, rubber toughening has been a common method to 
improve fracture toughness in various thermosetting resins [3-17].  This chapter presents 
the use of acrylonitrile-butadiene rubber modifiers to improve the fracture toughness of 
epoxy-amine and vinyl ester resin systems.  Rubber toughening has been much more 
effective for epoxies than vinyl esters.  Vinyl ester has inherent characteristics that make 
rubber modification more difficult than for epoxies. A primary difference is the pre-cure 
solubility of the rubber modifier with the resin.  In general, epoxy systems are more 
readily able to dissolve rubber and thermoplastic modifiers than vinyl esters.  Since phase 
separation is the mechanism that controls the second phase morphology, this limits the 
amount and type of rubber modifiers that can be used for vinyl ester rubber toughening.  
If pre-cure solubility is not met, it is not possible to control the phase separation of the 
rubber modifier and subsequent morphology. 
The cure mechanism is another difference between the two resin systems that 
deems rubber-toughening less conducive for vinyl esters.  Epoxy systems undergo a step 
polymerization such that when the proper stoichiometry is achieved, it yields a very 
homogeneously cross linked network.  Vinyl esters, however, cure via a free radical bulk 
copolymerization that yields a more heterogeneous cross linked structure.  There are 
sections of the matrix that may be highly cross linked and sections that may not be.  
Therefore, the dispersity of the rubber particles in the vinyl ester matrix may not be as 
homogeneous as the epoxy systems.  Additionally, the rubber phase separation and 
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morphology are dependent upon the cure mechanism.  Vinyl esters gel at a lower reaction 
conversion than epoxy systems.  Thus, the rubber modifiers are given more time to phase 
separate in epoxy systems.  Since more rubber remains in the matrix phase, vinyl esters 
are more susceptible to plasticization than epoxies. 
In this chapter, we seek to relate the resin characteristics to the ultimate success of 
rubber modification.  All rubber toughened systems were evaluated with respect to 
processing, thermal, and mechanical properties.  Since both resins generally exhibited 
increased fracture toughness accompanied by varying levels of plasticization, we focus 
on pre-cure solubility and its effects on phase separation and second phase morphology.  
Since we cannot change the cure mechanism, we investigate changing the molecular 
weight and styrene content of the vinyl ester resin to meet pre-cure solubility 
requirements.   
The most important conclusions in this chapter involve the morphology of the 
rubber domains in the resin.  For epoxy systems, we observed typical rubber phase 
morphologies seen throughout literature [80].  In some cases, voids appear in the matrix 
caused by rubber particle cavitation during fracture.  Vinyl ester systems, however, 
showed the formation of voids with the addition of a non-reactive second phase that is 
independent of any fracture effects.  We prove that the voids exist prior to fracture and 
propose a mechanism for the void formation. The formation of voids around the non-
reactive second phase is a trend that is first observed in this chapter and becomes a 
recurring theme in subsequent chapters. 
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2.2. Experimental 
2.2.1. Epoxy System 
2.2.1.1.  Materials 
Epon™ 862 (Miller-Stephenson) and Epicure W (Resolution Performance 
Products) were the materials comprising the epoxy resin in this work.  Epon 862 is a 
diglycidyl ether of bisphenol-F (DGEBF) and Epicure W is diethyltoluene diamine.  All 
epoxy systems investigated in this work contained 10 wt.% rubber modifier.  Several 
types of rubber modifiers were examined.  The concentration data for all components of 
the rubber modified systems is provided in Table 2.1.  Noveon supplied four types of 
Hycar® acrylonitrile-butadiene based liquid rubber modifiers: CTBN 1300x8, CTBN 
1300x13, ATBN 1300x45, and ATBN 1300x35.  The properties of these modifiers as 
reported by the manufacturer are provided in Table 2.2.  These modifiers vary in their 
end group functionality and acrylonitrile content.  The rubber end groups studied were 
carboxyl (CTBN) and amine (ATBN).  The two acrylonitrile contents examined were 18 
mol % and 26 mol %.  In addition to the Hycar® rubber modifiers, epoxy functional 
adducts of CTBN 1300x8 or CTBN 1300x13 were studied.  The adducts were purchased 
from Resolution Performance Products.  Epon 58005 contains reacted diglycidyl ether of 
bisphenol A (DGEBA) (Epon 828) with 40 weight % CTBN 1300x13.  Epon 58006 was 
an adduct with Epon 828 reacted with 40 weight % CTBN 1300x8.  Epon 58034 
comprised of a low viscosity epoxy monomer, Heloxy® Modifier 68, reacted with 50 % 
by weight CTBN 1300x8.  Epon 58042 consists of Heloxy® Modifier 107 adducted to 
50% by weight CTBN 1300x13.  Figure 2.1 provides chemical structures for all of the 
materials used in this work. 
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Table 2.1.  Composition data for all rubber modified epoxy systems investigated in this 
chapter.  Note that all data is reported in units of weight fraction. 
 
 
 Epon 862 Epicure W Toughening
Agent 
Additional 
Epoxy Monomers 
 
Unmodified 
 
0.793 
 
0.207 
  
     
CTBN x8 0.710 0.189 0.101  
CTBN x13 0.710 0.189 0.101  
ATBN x35 0.717 0.181 0.102  
ATBN x45 0.714 0.184 0.102  
     
Epon 58005 0.564 0.180 0.256 0.153 Epon 828 
Epon 58006 0.563 0.181 0.256 0.154 Epon 828 
Epon 58034 0.607 0.190 0.202 0.126 Heloxy 68 
Epon 58042 0.611 0.186 0.204 0.126 Heloxy 107 
 
 
Table 2.2.  Properties of the Hycar® rubber modifiers as reported by manufacturer. 
 
 
  
CTBN x8 
 
 
CTBN x13 
 
ATBN x35 
 
ATBN x45 
 
End group functionality 
 
Carboxyl 
 
Carboxyl 
 
Amine 
 
Amine 
 
Acrylonitrile content  (mol %) 
 
18 
 
26 
 
26 
 
18 
 
Brookfield Viscosity  (cP @ 27°C) 
 
135,000 
 
500,000 
 
500,000 
 
375,000 
 
Molecular Weight, Mn (g/mol) 
 
3,550 
 
3,150 
 
- 
 
- 
 
Amine Equivalent Weight (g/mol) 
 
- 
 
- 
 
700 
 
1,850 
 
Specific Gravity (25°C/25°C) 
 
 
0.948 
 
0.960 
 
0.978 
 
- 
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Figure 2.1.  The chemical structures of the base epoxy resin, the Hycar® rubber modifiers, 
and the epoxy monomers used in the CTBN adducts. 
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2.2.1.2. Solubility 
Due to the viscous nature of the rubber modified epoxies, we heated each system 
to 60°C prior to mixing.  After the rubber modifiers were adequately mixed with the 
epoxy, the curing agent (Epicure W) was added to the blend.  After the samples had 
cooled to room temperature, a visual observation was made to determine the miscibility 
of the sample.  Solutions were deemed miscible if they were transparent for at least one 
hour after reaching room temperature, and immiscible if they became cloudy during that 
time.   
 
2.2.1.3.  Cure Procedure 
All resins were mixed at 60°C.  The resins were heated slowly (0.35 °C/min) to 
110°C to limit the heat generated from the exothermic reaction.   They were held at this 
temperature for three hours.  Next, the resins were heated at a rate of 0.35 °C/min to 
177°C for post cure.  They were held at this temperature for at least 10 hours to ensure 
complete curing. 
 
2.2.1.4. Viscosity Measurements 
A Brookfield digital viscometer (Model HBTD) with spindle #21 was used to 
measure the viscosity of each resin.  A sample volume of eight mL was placed into the 
cup.  The rotation speed of the spindle was 100 RPM.  The reading from the viscometer 
was taken when it had stabilized for at least one minute.  The viscosity of each resin was 
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measured at three temperatures.  The rubber modified samples were measured at 25°C, 
40°C, and 50°C.   
 
2.2.1.5. Morphology 
The morphology for rubber modified epoxy systems was evaluated with a 
Scanning Electron Microscope (SEM), Amray Model 1830, using an acceleration voltage 
of 20 keV.  All samples were gold sputtered prior to SEM evaluation.  The surfaces 
inspected with the SEM were obtained from the fracture surface of the specimens used in 
the fracture toughness experiments. 
 
2.2.2. Vinyl Ester System 
2.2.2.1. Materials 
The VE monomers used in this investigation were synthesized from diglycidyl 
ether of bisphenol-A (DGEBA) supplied from Resolution Performance Products under 
the trade name EPON.  A list of the EPONs and their corresponding molecular weights 
are provided in Table 2.3.  The VE monomers used in this study were synthesized by 
combining stoichiometric amounts of methacrylic acid (Aldrich) and DGEBA in the 
presence of triphenyl phosphine (Aldrich) / triphenyl antimony (Aldrich) catalyst system. 
The catalyst system (75% triphenyl antimony / 25% triphenyl phosphine) comprised of 
1% by weight of the total resin.  This system is designed to limit etherification reactions 
that can lead to higher molecular weight VE monomers during esterification. The 
reactions were conducted at temperatures ranging from 90°C to 100°C until the acid 
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number of the mixture decreased below 15 (typically five hours).  The methacrylation 
reaction is shown in Figure 1.4.  Styrene (Aldrich) was mixed with the synthesized VE 
monomer at desired levels to formulate the VE resin system.  The VE systems were cured 
by free radical polymerization using a cumene hydroperoxide based initiator (Trigonox 
239A (Akzo Chemical)) and cobalt naphthenate (Witco) as an accelerant.  The reaction 
temperature was maintained at approximately 0°C using an ice bath to minimize the 
effects of curing exotherms.  After reaction, all samples were post-cured for one hour at 
150°C. 
 
 
Table 2.3. The molecular weights of the epoxy and vinyl ester monomers used in this 
investigation.  All data was determined through NMR analysis. 
 
 
Epoxy name Mw of epoxy 
(g/mol) 
n Mw of vinyl ester 
(g/mol) 
Epon 828 370 0.098 540 
Epon 834 470 0.454 641 
 
 
 
 
The rubber modifiers used in this research were vinyl terminated butadiene-
acrylonitrile copolymer (Hycar 1300×33) and an epoxy terminated butadiene-
acrylonitrile copolymer (Hycar 1300×40).  Both were supplied by Noveon Solutions.  
The ETBN was provided premixed in styrene.  Table 2.4 shows the properties of the 
rubber modifiers as reported by Noveon Solutions.  Figure 2.2 gives the chemical 
structures of the rubber modifiers. 
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Figure 2.2.  The chemical structures of the rubber modifiers used in this study. 
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Table 2.4.  Properties of the rubber modifiers as reported by the manufacturer. 
 
 
 VTBN 
1300×33 
ETBN 
1300×40 
Molecular weight, Mn 3,600 3,770 
Acrylonitrile Content % 18 18 
Brookfield Viscosity (cP) @ 27°C 170,000 1,450 
Acid Number 5 (max) 1.5 (max) 
Specific Gravity (25°C/25°C) 0.967 0.945 
Solubility Parameter (joule/cm3) 8.90 NA 
Tg, °C -49 NA 
Total Solids, % 100 50 
Styrene, % 0 50 
 
 
2.2.2.2. Cloud Point Studies     
Room temperature ternary phase diagrams were developed to map the miscibility 
regions of the three-component system (VE monomer/styrene/rubber modifier).  A five 
gram sample comprised of vinyl ester and the rubber of interest were mixed at a 
temperature of 60°C.  After adequate time for mixing was allowed (typically one hour), 
the mixture was cooled to room temperature.  A visual observation was made to 
determine the miscibility of the sample.  Solutions were deemed miscible if they were 
transparent for at least one hour after reaching room temperature, and immiscible if they 
became cloudy during that time.  When a two-component solution was found to be 
immiscible, incremental quantities of styrene were added to the solution until it became 
clear, and therefore miscible at room temperature.  By repeating such experiments for a 
number of VE monomer-rubber starting compositions, ternary phase diagrams that show 
regions of miscibility were generated. 
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2.2.2.3. Morphology 
The morphology for rubber modified VE systems was evaluated using an 
Environmental Field Emission Scanning Electron Microscope (ESEM), Model XL30 
ESE FEG, with an acceleration voltage of 15 keV.  All samples were gold sputtered prior 
to ESEM evaluation.  The surfaces inspected with the ESEM were obtained from the 
fracture surface of the specimens used in the fracture toughness experiments. 
 
2.2.2.4. Density Measurements 
 The density for all samples was obtained using a water displacement method.  The 
samples were suspended from a balance and immersed in water to find the weight of 
water displaced.  The density of water was used to convert the weight of water to the 
volume of water displaced.  The density was calculated be dividing the dry weight of 
each sample by the sample volume. 
 
2.2.2.5. Rubber Particle Volume Fraction Calculations 
 The volume fraction of rubber particles for each sample was obtained by 
examining a series of five or more SEM micrographs.  The rubber particles were outlined 
in each micrograph.  The diameter of each rubber particle was measured at four different 
diameters with calipers to obtain an average diameter.  The rubber particles were 
assumed to be spherical. 
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2.2.3. Fracture Toughness 
 
Three-point single-edge notch bend (SENB) specimens were used for fracture 
toughness measurements.  ASTM 5045-93 specifies the sample dimensions of 2.00 × 
0.50 × 0.25 in.3 to assure plain strain conditions.  An initial crack was made by creating a 
notch in the specimens a distance that was half the sample thickness.  A sharp razor blade 
was used to initiate a crack at the base of the notches.  Approximately ten samples were 
tested for each resin system.  The samples were tested using an Instron 8872 in flexural 
mode at a crosshead speed of 0.5 in./min.  All tests were performed at ambient 
conditions.  When tests were completed, the fracture surfaces of all specimens were 
examined for signs of plastic deformation.  If plastic deformation was apparent, the 
sample was not included in the reported results.   
 
2.2.4. Dynamic Mechanical Analysis 
 
A TA Instruments DMA 2980 dynamic mechanical analyzer (DMA) was used to 
evaluate the storage modulus and glass transition temperature of each system investigated.  
Temperature scans with a frequency of oscillation of 1 Hz and amplitude of 15 µm were 
performed at a rate of 2 °C/min starting from -150°C to 200°C.  Typical sample 
dimensions in the DMA were 18 mm in length, 13 mm in width, and 2 mm in thickness.  
The Tg was taken as the inflection point of the storage modulus curve or the peak of the 
loss modulus curve since both DMA traces corresponded to the same temperature.  It 
should be noted that the Tg data is more reliable using this testing method than the 
modulus data simply because of the dependence on sample size in calculating the 
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modulus.  Since both types of data are interrelated, Tg will be emphasized more than 
modulus when discussing property retention of the material.    
 
 
2.3. Results and Discussion 
 
The goal of this chapter is to use an epoxy-amine resin system as a comparison 
for the rubber modification of vinyl esters.  Epoxy systems are more conducive for rubber 
toughening because of their compatibility with the rubber and step polymerization curing 
mechanism.  In the first part of this section, we study several variables of an epoxy-amine 
system to gain insight into what factors are most important for rubber toughening.  We 
explore the effects of rubber functionality, initial rubber compatibility (through changing 
the acrylonitrile content in the rubber), and the addition of other epoxy monomers in the 
system.  The second part of this section examines the addition of similar rubber modifiers 
to a vinyl ester system.  First, we study the pre-cure solubility of the rubber modifiers by 
changing the molecular weight of the vinyl ester monomer and the styrene content in the 
system.  Next, we examine the effects of rubber functionality (reactive vs. non-reactive) 
and concentration on the vinyl ester resin. 
We used several mechanical and thermal properties to evaluate the success of 
rubber toughening for both the epoxy and vinyl ester systems.  Some of these properties 
included viscosity, storage modulus, Tg, and fracture toughness.  Fracture toughness is 
represented as the critical strain energy release rate (G1c) and the critical stress intensity 
factor (K1c).  A detailed procedure for fracture toughness measurement and calculation 
for all samples investigated in this chapter is given in the Appendix.   Inspection of the 
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second phase morphology proved to give the most notable results in this chapter.  The 
morphological differences between reactive and non-reactive second phases will be a 
reoccurring theme throughout this and the following chapters. 
 
2.3.1. Epoxy-Amine System 
 
  In this section, we studied several types of rubber modifiers for an epoxy-amine 
(DGEBF-Epicure W) system.  Two major points of interest included the effects of rubber 
acrylonitrile content and functionality.  The rubber modifiers became more compatible 
with the epoxy as the acrylonitrile content of the rubber increased, thus affecting pre-cure 
solubility and the point in the cure when the rubber began to phase separate.  We 
examined rubber modifiers with acrylonitrile content of 18 mol % (CTBNx8) and 26 
mol % (CTBNx13).  The rubber functionality had more of an effect on the connectivity 
of the rubber phase to the matrix than initial compatibility.  The two types of rubber 
functionality investigated were carboxyl (CTBN) and amine (ATBN), both of which are 
reactive with the DGEBF matrix.   
In addition to these basic rubber modified systems, adducts of CTBN were 
studied as modifiers.  These adducts contain epoxy monomers reacted to the end of each 
CTBN molecule.  This ensures the connectivity of the rubber to the matrix.  Also, epoxy 
monomers can be reacted to the rubber to give different properties of the modified system.  
For example, a low viscosity epoxy monomer can be reacted to the rubber to make 
composite processing easier.  In this work, we explored four types of CTBN adducts.  
Epon 58005 and 58006 contain a DGEBA (Epon 828) reacted to CTBN adducts of 
different acrylonitrile content, CTBNx13 and CTBNx8 respectively.  The other adducts 
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contain low viscosity epoxy monomers, Heloxy Modifier 68 and 107, reacted to CTBNx8 
and CTBNx13 respectively. 
All of the systems studied in this section contain 10 wt.% modification, where the 
CTBN-adducts account for the added epoxy units in the modifier.  We present the 
processing, thermal, and mechanical property data for all rubber modified epoxies in 
Table 2.5.  The following subsections will emphasize the important trends in this data. 
 
Table 2.5.  Summary data for all rubber modified epoxies 
 
Sample Room Temp. 
Solubility 
 
Room 
Temp. 
Viscosity 
(cP) 
E′ at 
30°C 
(GPa) 
Tg 
(°C) 
G1c  
(J/m2) 
K1c 
(MPa⋅m½) 
       
Epon 862 Miscible 1,324 2.47 165.0 170 ± 50 0.95 ± 0.18 
       
10 wt% CTBN x8 Immiscible 3,192 2.18 162.4 670 ± 100 1.21 ± 0.06 
10 wt% CTBN x13 Miscible 5,912 2.20 153.8 750 ± 70 1.39 ± 0.09 
10 wt% ATBN x35 Miscible 12,740 2.26 140.7 910 ± 80 1.58 ± 0.06 
10 wt% ATBN x45 Immiscible 4,336 2.08 150.3 710 ± 70 1.24 ± 0.04 
       
25 wt% 58005 Miscible 14,420 2.28 153.1 860 ± 70 1.42 ± 0.06 
25 wt% 58006 Immiscible 11,760 2.06 160.6 630 ± 70 1.20 ± 0.07 
20 wt% 58034 Immiscible 2,500 1.96 146.0 710 ± 80 1.25 ± 0.06 
20 wt% 58042 Miscible 5,464 2.00 144.3 790 ± 70 1.35 ± 0.05 
 
 
2.3.1.1. Acrylonitrile Content 
Acrylonitrile content most significantly affects the solubility of the rubber 
modifier with the resin.  Rubber modifiers with increased acrylonitrile content tend to be 
more soluble in epoxy systems.  For example, the carboxyl terminated rubber modifier 
with 18 mol % acrylonitrile (CTBN x8) yielded an immiscible resin system while 
miscibility was achieved with a 26 mol % acrylonitrile modifier (CTBN x13).  Because 
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of its insolubility with the resin system, the CTBN x8 modifier is not a feasible rubber 
modifier to use as a toughening agent.   
Although CTBN x8 is not a possible rubber modifier to use in this system, it is 
still of interest to determine the effects of changing the acrylonitrile content on other 
properties of the resin.  In terms of processibility, the room temperature viscosity of the 
resin system increases from 3,192 cP to 5,912 cP when increasing the acrylonitrile 
content from 18 mol % to 26 mol %.  This occurs because the high acrylonitrile rubber 
has a higher viscosity.   
The morphology of the rubber phase is different for the modifiers with different 
acrylonitrile contents, as shown in Figure 2.3.  The rubber phase for the high acrylonitrile 
content (Figure 2.3a) shows a dispersion of rubber particles with diameters less than 1 
µm throughout the resin.  For the low acrylonitrile rubber (Figure 2.3b), the rubber 
particles are slightly larger and less dispersed in the matrix.  Any difference in 
morphology can be attributed to the pre-cure solubility of the rubber.  Since the high 
acrylonitrile rubber is soluble, it phase separates into a more homogeneous second phase 
than the insoluble low acrylonitrile rubber.   
The acrylonitrile content also influences the mechanical properties of the 
toughened epoxy systems.  The high acrylonitrile epoxy had a G1c and K1c of 750 ± 70 
J/m2 and 1.39 ± 0.09 MPa⋅m½, respectively.  These values were slightly lower for the low 
acrylonitrile epoxy, where G1c was 670 ± 100 J/m2 and K1c was 1.21 ± 0.06 MPa⋅m½.  
Although the fracture toughness experienced a greater increase with higher acrylonitrile  
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(a) 
 
 
 
 
(b) 
 
 
Figure 2.3.  SEM micrographs comparing (a) a 26 mol% acrylonitrile rubber with (b) an 
18 mol% acrylonitrile rubber. 
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rubber, the other mechanical properties were reduced.  The Tg of the unmodified epoxy 
was 165.0°C. The Tg for the high acrylonitrile epoxy was reduced to 153.8°C and the Tg 
for the low acrylonitrile epoxy was 162.4°C.  An explanation of this behavior begins with 
cure behavior and final morphology of these samples.  When the epoxy network begins to 
form and grow during cure, the entropy of the system decreases.  As the entropy 
decreases, the rubber becomes more insoluble until the point where it starts to separate 
into its own phase.  The particles nucleate and grow until gelation, where the morphology 
is locked into place.  If the high acrylonitrile CTBN is more soluble initially, it takes 
longer for the rubber to phase separate.  Since the low acrylonitrile CTBN was insoluble 
before cure, the rubber that had dissolved began to phase separate as soon as the network 
started forming.  When comparing the CTBN modifiers, the high acrylonitrile CTBN had 
more rubber that did not phase separate and remained in the epoxy phase.  This trapped 
rubber detracts from some of the epoxy properties, Tg and modulus in this case.  Since 
the low acrylonitrile CTBN phase separated as soon as cure began, less rubber remained 
in the epoxy phase and detracted from the epoxy properties.  An ideal scenario would be 
to have a rubber that is soluble prior to cure, but is insoluble enough to begin phase 
separation as soon as cure starts. 
 
2.3.1.2. Rubber Functionality 
The end group functionality on a rubber modifier impacts its solubility and 
reactivity with the epoxy and amine.  Two types of reactive end groups were investigated 
in this work: carboxyl and amine.  To assure a miscible system, an amine terminated 
rubber was selected that contained high acrylonitrile content (ATBN x35).  This rubber 
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modifier contains terminal secondary amines that will form a linear structure when 
reacted into the network and will not add to the crosslinking.  With the exception of the 
end groups, this rubber modifier is the same as the carboxyl terminated rubber discussed 
in the previous section (CTBN x13).   
The rubber end group functionality affects the viscosity of the epoxy.  The ATBN 
modified epoxy has a viscosity of 12,740 cP.  This is high when compared to the CTBN 
system, where the room temperature viscosity is 5,912 cP.  Since ATBN and CTBN have 
the same viscosity (Table 2.2), the increase in viscosity can be attributed to the 
interaction of the amine with the resin.   
The phase behavior of the ATBN system is much different than that of the CTBN 
system.  In most systems, the rubber modifier is soluble prior to cure and forms a clear 
solution.  After the rubber phase separates during cure, the solidified resin is cloudy.  The 
CTBN system followed this typical behavior.  The ATBN system, however, failed to 
phase separate during cure and then remained clear after cure.  Figure 2.4 shows SEM 
micrographs of the CTBN and ATBN systems to further prove this point.  The CTBN 
rubber particles appear as a distinct second phase (Figure 2.4a).  The ATBN system in 
Figure 2.4b shows no indication of a second phase in the epoxy matrix.  It is likely that 
the ATBN is so compatible with epoxy that it never phase separates.  When a more 
insoluble ATBN is used (lower acrylonitrile content), phase separation occurs as shown 
in Figure 2.4c.  However, this resin is insoluble at room temperature and is not a feasible 
rubber modifier for toughening.  
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(a)
(b) (c)  
 
Figure 2.4.  A CTBN modified epoxy (a) shows phase separation of the rubber while an 
ATBN modified epoxy (b) shows no phase separation.  When a more insoluble ATBN is 
used (ATBN x45) (c), a second rubber phase forms. 
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The mechanical properties are significantly affected by the functionality of the 
rubber modifier.  The ATBN x35 modified system showed the largest increase in G1c and 
K1c of any of the modifiers used in this work.  The G1c and K1c was increased to 910 ± 80 
J/m2 and 1.58 ± 0.06 MPa⋅m½ respectively.  This compares well to the CTBN x13 epoxy, 
which had a G1c of 750 ± 70 J/m2 and K1c of 1.39 ± 0.09 MPa⋅m½.  Although the CTBN 
x13 epoxy did not experience as substantial of an increase in fracture toughness, it 
retained its Tg much better.  The CTBN epoxy retained a Tg of 153.8°C, while the ATBN 
epoxy was reduced to 140.7°C.  Results obtained from the morphological data helps to 
explain this occurrence.  Since the ATBN epoxy experienced no phase separation, it 
remained in the epoxy phase and plasticization occurred.  Since the CTBN modified 
epoxy had a significant amount of phase separation of the rubber, it did not experience as 
severe of plasticization. 
 
2.3.1.3. Epoxy Functional CTBN Adducts      
The other class of rubber modifiers investigated in this work includes pre-reacted 
CTBN rubbers with epoxy monomers.  Since the viscosity of pure CTBN is much higher 
than the CTBN adducts, the primary benefit of using these modifiers is the reduced 
viscosity for composite processing. Four types of adducts were investigated in this work.  
Epon 58005 and Epon 58006 have reacted Epon 828 monomers to the ends of CTBN x13 
and CTBN x8 respectively.  Epon 58034 and Epon 58042 have reacted Heloxy modifiers, 
which are lower viscosity epoxy monomers than Epon 828, with a CTBN rubber.   
The solubility of these modifiers is strictly dependent on the type of CTBN used.  
It was discussed earlier that CTBN x13 is more soluble in epoxy resin than CTBN x8 due 
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to its higher acrylonitrile content.  Since Epon 58005 and Epon 58042 are based on 
CTBNx13, they are soluble.  Epon 58006 and Epon 58034 are insoluble because they are 
based on CTBN x8. 
Although this viscosity of adducts are reduced from that of pure CTBN, the 
viscosity of the overall resin viscosity is increased for the Epon 58005 and 58006 systems 
when compared to the resins modified with only CTBN.  The Epon 58005 modified 
system has a viscosity of 14,420 cP and the Epon 58006 resin has a viscosity of 11,760 
cP.  Since these modifiers contain 40 weight % CTBN, a significantly larger amount of 
these modifiers must be added to achieve 10 weight % CTBN in the resin.   Therefore, 
there is a relatively large amount of the pre-reacted epoxy monomer (Epon 828) in the 
system.  Since Epon 828 has a higher viscosity than the base resin (Epon 862), the 
viscosity of the overall resin increases using these modifiers.  The viscosity of Epon 
58005 is higher because it is based on CTBN x13, which has a higher viscosity than 
CTBN x8.  For the same reason that Epon 58005 and 58006 have higher viscosities than 
resins modified with pure CTBN, Epon 58034 and 58042 epoxies have lower viscosities 
because the Heloxy modifiers have much lower viscosities than the base Epon 862.  The 
viscosity of the epoxy modified with Epon 58034 and 58042 are 2,500 cP and 5,464 cP 
respectively. 
Figue 2.5 gives SEM micrographs for all of the CTBN adducts studied.  The 
morphology of the Epon 58005, 58006, and 58042 are similar to that of epoxies modified 
with pure CTBN.  The rubber particles are on the order of 1 µm and dispersed throughout 
the epoxy matrix.  The morphology of the Epon 58034 modified epoxy (Figure 2.5c) is  
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(a) (b)
(c) (d)  
Figure 2.5.  SEM micrographs of an epoxy modified with (a) Epon 58005, (b) Epon 
58006, (c) Epon 58034, and (d) Epon 58042. 
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much different than the others.  Cavitation has occurred and is evident by the particles 
being pulled from the matrix.  Since the other samples have not shown cavitation, it is 
difficult to attribute cavitation to the CTBN.  The only other explanation could be that the 
Heloxy modifier affects the matrix around the rubber particles and makes cavitation 
favorable during fracture. 
Another noticeable difference in Figure 2.5 is that the rubber particles are more 
visible for the Epon 58006 epoxy (Figure 2.5b) than the Epon 58005 epoxy (Figure 2.5a).  
This can be credited to the initial solubility of the rubber modifier in the epoxy.  Since 
Epon 58005 is based on a CTBN x13, it is more soluble initially and less rubber phase 
separates.  Epon 58006 is insoluble initially, so there will automatically be a more distinct 
second phase in the matrix. 
With respect to mechanical properties, similar trends were found with the CTBN 
adducts as with the pure CTBN modifiers.  The modifiers based on CTBN x13 yielded 
materials of higher toughness but reduced storage modulus and Tg.  This is related to the 
phase separation of the rubber particles during cure.  The Epon 58005 modified epoxy 
has a high fracture toughness (G1c of 860 ± 70 J/m2 and K1c of 1.42 ± 0.06 MPa⋅m½) and 
a reduced Tg of 153.1°C.  The Epon 58006 modified epoxy retains its Tg better (160.6°C), 
but does not achieve as significant of an increase in G1c (630 ± 70 J/m2) and K1c (1.20 ± 
0.07 MPa⋅m½).  This demonstrates that there is a tradeoff between fracture toughness and 
modulus and Tg. 
Since the Heloxy modifiers are inherently more molecularly flexible epoxy 
monomers than either Epon 828 or Epon 862, it is expected that they yield materials with 
lower modulus and Tg.  It is surprising that these resins did not result in higher fracture 
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toughness.  The epoxy modified with Epon 58034 had its Tg reduced to 146.0°C, but did 
not achieve the higher levels of toughness that were expected (G1c of 710 ± 80 J/m2 and 
K1c of 1.25 ± 0.06 MPa⋅m½).  The Epon 58042 epoxy had similar results.  Its Tg and 
storage modulus dropped to 144.3 °C, while the G1c and K1c were 790 ± 70 J/m2 and of 
1.35 ± 0.05 MPa⋅m½ respectively. 
 
2.3.1.4.  Summary 
 In this section, we used acrylonitrile-butadiene based rubber modifiers to improve 
the fracture toughness of an epoxy-amine resin.  The goal was to obtain basic information 
about rubber toughening and what factors of the rubber modifier were most important in 
limiting plasticization of the matrix resin.  Two aspects of the rubber modifiers were 
investigated: acrylonitrile content and end group functionality.  Additionally, epoxy 
functional adducts of CTBN rubber were studied.  It was generally found that all rubber 
modified systems improved the fracture toughness significantly and reduced the modulus 
and Tg.  The most dramatic increase in toughness showed an increase of greater than 
500% in G1c and 66% in K1c.   
 The initial solubility of the rubber modifier appears to be a very important factor 
in rubber toughening.  If the rubber modifier is not soluble prior to cure, it is not possible 
to control phase separation during cure, resulting in a nonhomogeneous resin.  Rubber 
modifiers that are too soluble with the resin, as was the case with ATBNx35, result in 
very little phase separation.  The rubber remains in the matrix phase and plasticizes the 
resin.  Therefore, a delicate balance is desired where the resin is miscible prior to cure, 
and where phase separation begins with cure initiation.   
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 The functionality of the rubber modifier affects the resin viscosity and 
connectivity of the second phase rubber to the matrix.  The resin viscosity increases when 
the end group of the rubber modifier is more dissimilar to the matrix resin.  This can be 
attributed to the interaction of the resin and the rubber modifier. 
 The reactivity of the rubber modifier has a significant effect on the connectivity of 
the rubber phase with the matrix phase.  For most of the systems in this section, the 
matrix and rubber phase are very well connected.  The rubber particles appear as rough 
areas in the smooth surrounding matrix.  During fracture, the crack propagates directly 
through the rubber regions, where matrix shear yielding is the most prominent energy 
dissipating mechanism.  For the CTBN-adduct Epon 58034, we observed cavitation of 
the majority of the rubber particles from the matrix.  This is a common phenomenon 
observed in rubber toughened systems that can add to increased fracture toughness [ref].  
Most importantly, we have observed the two most common types of morphologies of 
fracture surfaces for rubber toughened thermosets.  In the next subsection, we observe 
very different fracture morphologies for rubber toughened vinyl esters. 
 
2.3.2. Vinyl Ester Systems 
 
 In the previous subsection, we observed several common trends for rubber 
toughened epoxies that have been confirmed throughout literature.  In this subsection, we 
apply similar principles for rubber toughening vinyl esters and point out the difficulties in 
using these methods for toughening these systems.   First, the issue of rubber 
compatibility with vinyl esters is addressed with respect to the vinyl ester monomer 
molecular weight and styrene concentration.  Next, we evaluate the mechanical and 
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thermal properties of the rubber toughened vinyl esters.  Finally, we point out some very 
important differences in fracture morphology for vinyl esters not observed in epoxy 
systems.  These observations lay the foundation for the foregoing chapters, where the 
interaction of non-reactive second phases and vinyl esters presents many difficulties in 
toughening vinyl esters. 
 
2.3.2.1.  Pre-Cure Miscibility 
 It has been established that incompatibility between vinyl ester and acrylonitrile-
butadiene based rubber modifiers has prevented successful toughening of vinyl esters 
[15-18].  When a rubber modifier is immiscible with a thermoset, an inhomogeneous 
resin is formed that is undesirable for composite processing and resin storage.  A miscible 
system is also desired for better control of rubber phase separation during cure.  A 
promising method to improve compatibility while meeting these criteria is to decrease the 
molecular weight of the vinyl ester monomer.  Most commercially available VE resins 
are based on VE monomers with an Mn above 700 g/mol.  We have conducted a 
compatibility study using VTBN and ETBN rubber modifiers and VE monomers with 
molecular weights as low as 540 g/mol.   
 The ternary phase diagram shown in Figure 2.6 best exemplifies miscibility 
difficulties by comparing the room temperature solubility for VTBN modified vinyl 
esters possessing different molecular weights, where VE 828 has a molecular weight of 
540 g/mol and VE 834 has a molecular weight of 640 g/mol.  Note that both vinyl esters 
in Figure 2.8 contain molecular weights lower than commercial vinyl ester monomers.  A 
potential drawback to using VE monomers with low molecular weight is that in 
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themselves they possess lower fracture toughness.  However, the need for initial 
solubility is essential for rubber toughening.  The curves on the diagram represent the 
compositions where the rubber modified systems change from miscible to immiscible.  
The areas above or outside of the miscibility curves correspond to miscible compositions.  
The highlighted region of the ternary diagram is referred to as the toughening region, or 
the range of compositions for a feasible rubber modified vinyl ester.  Rubber loadings 
above 20 wt.% result in a highly plasticized resin.  The styrene composition should 
remain between 30-50 wt.%.  Below 30 wt.%, the resin becomes too viscous to be used in 
low-cost  liquid molding processing techniques.  The resin will begin to exhibit properties 
closer to polystyrene than vinyl ester if the styrene composition exceeds 50 wt%.   For 
VE 834, high levels of styrene are needed to achieve solubility and the miscibility line 
falls outside of the toughening region.  Increasing VE monomer molecular weight further 
impairs the compatibility of the system.  Fortunately, VE 828 gives results in a 
miscibility line inside the toughening region. 
 Another factor influencing the compatibility of rubber modified vinyl ester is the 
end group of the rubber.  Figure 2.7 is a ternary diagram showing the phase behavior of 
vinyl and epoxy functional rubber modifiers.  ETBN is found to be slightly less 
compatible with vinyl ester than VTBN.  An explanation for this behavior is that the 
epoxy and vinyl end groups interact differently with the VE resin.  Epoxy groups of the 
ETBN are more chemically dissimilar with vinyl ester than vinyl groups in the VTBN, 
thus resulting in a higher interaction energy, a higher enthalpy of mixing, and a more 
positive Gibbs free energy of mixing. Fortunately, this difference is not significant 
enough to move the ETBN miscibility outside of the toughening region.    
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Figure 2.6.  Ternary diagram showing the effects of VE monomer molecular weight on 
the solubility of a butadiene-acrylonitrile based rubber modifier (VTBN).  The 
highlighted, or toughening, region represents compositions of a feasibly designed rubber 
modified vinyl ester.  Reducing VE monomer molecular weight from 640 to 540 allows 
for rubber modification of vinyl ester while meeting the criterion of initial miscibility.  
Note that all axes have units of weight fraction.   
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Figure 2.7.  VTBN is slightly more soluble in vinyl ester than ETBN because it is 
chemically more similar to vinyl ester.  In either case, the modified systems fall inside of 
the toughening region. 
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 Knowledge of the phase behavior for rubber modified vinyl ester, and thus the 
ability to better control phase separation of the rubber particles from the reacting system, 
is critical for the ultimate success of toughening. If a significant portion of the rubber 
does not precipitate from solution, it remains trapped in the vinyl ester phase and 
plasticizes it, reducing modulus and Tg.  Therefore, rubber modified VE resin systems 
should be formulated so that they are as close to the miscibility curve as possible in order 
to maximize phase separation during cure. This is particularly important in free radically 
cured systems that react rapidly and gel at lower conversion relative to step polymerizing 
systems like amine-cured epoxies. The VE 828 systems, modified with ETBN and VTBN, 
investigated in this work, were formulated based on this principle. VE 828 resins were 
modified using both ETBN and VTBN at rubber loadings of 4 and 8 wt.%.  Since each 
sample was synthesized on the miscibility line, the styrene content of each sample is 
slightly different.  The styrene loadings for the ETBN and VTBN samples were 49 wt.% 
and 45 wt.%, respectively. 
 
2.3.2.2. Rubber Reactivity Effects on Morphology      
 When rubber modifiers with different reactivity are added to a resin, the ways in 
which the rubber particles nucleate and grow differ.  In the case of vinyl ester curing, the 
ETBN phase separates into particles that grow with limited interaction amid the forming 
vinyl ester matrix.  VTBN co-reacts with the VE monomer and links to the matrix during 
cure.  Figure 2.8 shows SEM micrographs of vinyl esters with both ETBN and VTBN at 
different rubber loadings, while Table 2.6 supplies quantitative data on the rubber regions 
for these micrographs.  Note that the data reported for the ETBN samples in Table 2.6 
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include the voids as part of the rubber region.  The rubber regions appear as spherical 
particles in the smooth, surrounding vinyl ester matrix.  One observation is that the 
rubber regions are larger for the ETBN systems than the VTBN systems.  The linkage of 
the VTBN to the matrix hinders rubber particle growth during cure.  Also, the rubber 
regions appear larger with increased rubber loading.  For all systems, it is seen that the 
volume fraction of the rubber regions is much larger than the actual volume of rubber 
added to the vinyl ester, indicating that these regions are comprised of more than just the 
rubber.  It is suspected that during phase separation, styrene and the vinyl ester monomer 
also phase separate into the rubber rich regions.   
 
Table 2.6.  Rubber phase volume fraction and particle size 
obtained from ESEM micrograph analysis. 
 
 Rubber Particle 
Size (µm) 
Volume Percentage 
of Rubber Particles 
4 wt% ETBN 2.0 ± 0.6 17 ± 2 
8 wt% ETBN 3.2 ± 0.9 46 ± 1 
4 wt% VTBN 1.8 ± 0.3 16 ± 2 
8 wt% VTBN 2.3 ± 0.7 27 ± 3 
   
  
 Another observation of the morphology is the formation of voids around the 
ETBN rubber regions and the absence of the voids in the VTBN systems.    The majority 
of voids formed on the fracture surface of rubber modified systems can be attributed to 
rubber particle cavitation.  Since the VTBN systems exhibit no voids, rubber particle 
cavitation is not a possible toughening mechanism.  Rubber-particle bridging seems more 
likely since the crack appears to have propagated through the particles.  Figure 2.9 shows 
a magnified SEM of a VTBN rubber particle.   
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(a) (b)
(c) (d)  
Figure 2.8.  ESEM micrographs of (a) 4 wt% ETBN, (b) 8 wt% ETBN, (c) 4 wt% VTBN, 
and (d) 8 wt% VTBN, showing that rubber reactivity and rubber loading influence the 
microstructure of rubber modified vinyl esters. 
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Figure 2.9.  An ESEM micrograph showing a VTBN rubber particle experiences rubber-
particle bridging during fracture.   
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 Voids formed in ETBN modified systems are unlike the voids found in most 
rubber toughened thermosets throughout literature.  It is possible that some of the voids 
are caused by rubber particle cavitation during fracture.  Density measurements were 
taken to determine whether the voids are present prior to fracture.  This data is presented 
in Table 2.7 for the modified and unmodified vinyl ester systems.  A small decrease in 
density is expected for each modified system because the density of the rubber is less 
than the vinyl ester.  The VTBN systems exhibit this expected behavior by reductions in 
density of 0.300% and 1.377% for 4 wt.% and 8 wt.% modification, respectively.  The 
ETBN systems show a more significant decrease in density.  The 4 wt.% ETBN system 
displays a density loss of 2.322% and the 8 wt.% ETBN system experiences a 2.348% 
density loss.  These findings help to support the fact that the pre-existing microvoids are 
present in the ETBN systems and are not induced during fracture. 
 
Table 2.7.  Density of unmodified and modified VE samples 
 
 Density (g/mL) % Density Loss 
Unmodified 1.1486 ± 0.0013 - 
4 wt% ETBN 1.1219 ± 0.0123 2.322 
8 wt% ETBN 1.1216 ± 0.0058 2.348 
4 wt% VTBN 1.1452 ± 0.0006 0.300 
8 wt% VTBN 1.1328 ± 0.0008 1.377 
 
 
 A plausible explanation for the formation of pre-existing microvoids in the ETBN 
systems involves material changing phases during cure and is schematically represented 
in Figure 2.10.  When the ETBN is mixed with the styrene and vinyl ester, all 
components are miscible and generate one phase (Figure 2.10a).  As the vinyl ester 
network reacts during cure, a second, rubber-rich phase forms, containing most of the 
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ETBN along with vinyl ester and styrene (Figure 2.10b).  More of the rubber-rich phase 
nucleates and grows during cure until gelation, when all phases are locked into place 
(Figure 2.10c).  At this point, free radicals still exist that are capable of reacting with 
double bonds in the system.  The propagating free radicals in the bulk consume styrene in 
the rubber-rich phase.  As more and more styrene diffuses out of the rubber-rich phase, 
voids begin to form at the phase boundary (Figure 2.10d).  Even though voids disrupt the 
contact between phases, styrene still has the ability to be transported from the dispersed 
phase to the vinyl ester phase because of its low vapor pressure.  Styrene can vaporize 
and diffuse through the vapor gap from the rubber-rich phase to the vinyl ester phase, 
thus creating even larger voids around the rubber particles.  Void growth halts as a result 
of diffusion limitations at vitrification (Figure 2.10e).  In some instances, a small linkage 
between the rubber-rich phase and the vinyl ester phase is observable (Figure 2.11).  This 
behavior is not observed with VTBN systems because the reactive propagating free 
radicals are linked to the reactive end groups of the rubber, preventing the separation of 
this rubber-rich phase from the continuous matrix phase.   
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(a) (b) (c)
(d) (e)  
 
 
Figure 2.10.  (a) A one-phase mixture is formed when ETBN is mixed with vinyl ester 
and styrene.  (b) During cure, a rubber-rich second phase containing all three components 
begins to nucleate and grow.  (c) At gelation, both phases (vinyl ester and rubber-rich) 
are locked into place.  (d) Free radicals that exist in the vinyl ester phase begin to 
consume unreacted styrene from the rubber-rich phase and voids are formed at the phase 
boundaries.  (e) Styrene has the ability to move across the vapor gap due to its low vapor 
pressure.  As more and more styrene is pulled from the rubber-rich phase, the voids grow 
larger. 
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(a)
(b)
 
 
Figure 2.11.  ESEM micrographs of an ETBN rubber particle at magnifications of (a) 
10,000 and (b) 40,000 show a linkage between the rubber particle and the VE matrix.   
 
 
  
 87
2.3.2.3. Rubber Reactivity Effects on Mechanical and Thermal Properties 
 The reactivity, phase behavior, and resulting microstructure depend on the rubber 
type.  The resulting morphology has a strong influence on the ultimate properties and 
performance of the cured resins.  Table 2.8 summarizes the thermal and mechanical 
properties for systems investigated in this work.   
 
Table 2.8.  Mechanical and thermal properties of rubber modified vinyl ester obtained 
through DMA analysis and SENB fracture toughness measurements. 
 
 G1c (J/m2) K1c (MPa·m½) Storage Modulus 
E′ (GPa) 
Tg (ºC) 
 
Unmodified 
 
75 ± 21 
 
0.79 ± 0.07 
 
3.26 
 
142 
 
4 wt% ETBN 
 
476 ± 33 
 
1.44 ± 0.07 
 
2.51 
 
140 
 
8 wt% ETBN 
 
776 ±153 
 
1.40 ± 0.11 
 
2.06 
 
135 
 
4 wt% VTBN 
 
 
332 ± 58 
 
1.14 ± 0.12 
 
3.10 
 
141 
8 wt% VTBN 
 
502 ± 54 1.45 ± 0.18 2.91 139 
 
 
 An unmodified vinyl ester possesses relatively low fracture toughness (G1c) of 75 
± 21 J/m2, high storage modulus of 3.26 GPa at 30°C, and high Tg of 142°C.  The 
addition of the rubber modifiers has considerably increased the fracture toughness.  
VTBN addition increases the G1c of vinyl ester to 332 J/m2 at 4 wt.% and 502 J/m2 at 8 
wt.%.  ETBN modification produces more significant increases in G1c than VTBN to 476 
J/m2 at 4 wt.% and 776 J/m2 at 8 wt.%.  Although all rubber modified vinyl esters had 
increased fracture toughness, some degree of plasticization was observed, as shown by a 
reduction in Tg and storage modulus at 30°C.  The reduction of Tg for all vinyl esters 
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was not very significant, whereby the greatest decrease was observed for the 8 wt.% 
ETBN modified vinyl ester having a Tg of 135°C.  The storage modulus at 30°C, 
however, experienced significant losses for the ETBN modified systems.  The modulus 
dropped from 3.26 GPa to 2.51 GPa at 4 wt.% modification and 2.06 at 8 wt.% 
modification.  The VTBN systems did not exhibit as drastic of a loss in storage modulus 
at 30°C, decreasing to 3.10 at 4 wt.% modification and 2.91 at 8 wt.% modification.  
These results, combined with inspection of their respective morphologies, indicate that 
the majority of the rubber has phase separated. 
 The properties reported in Table 2.8 show that using ETBN results in a greater 
increase in fracture toughness than using VTBN.  Both systems are toughened due to the 
fact that rubber addition promotes shear yielding. The morphologies of the ETBN and 
VTBN systems indicate that each system experiences different fracture mechanisms.  
Regardless of whether the voids in the ETBN systems are pre-existing or caused by 
cavitation, they help to promote several energy dissipating mechanisms not experienced 
by VTBN systems.  The voids create matrix shear deformation through dilatational void 
growth, shear banding, and increased shear yielding.  The VTBN systems show that 
rubber-particle bridging is predominant during fracture.  Since this is merely a secondary 
toughening mechanism, the VTBN systems do not realize the same increase in toughness 
as the ETBN systems.  Therefore, void formation is the primary explanation for the 
difference in fracture toughness between the two types of rubber modifiers. 
 Dynamic Mechanical Analysis (DMA) was used to obtain important information 
concerning the mechanical and thermal properties of these systems.  Figures 2.12 and 
2.13 show DMA plots of VTBN and ETBN modified systems, respectively, containing 
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different rubber loadings.  The VTBN system shows that the storage modulus decreases 
slightly as more VTBN is added.  The small decreases are attributed directly to the 
incorporation of a low modulus rubber into the vinyl ester matrix.  The ETBN modified 
vinyl ester, however, shows a significant decrease in the storage modulus with increased 
rubber loading.  The decreases in storage modulus for the ETBN system are attributed 
primarily to the voids around the rubber particles.  So although the voids helped to 
increase the toughness of the vinyl ester for ETBN systems, they detract significantly 
from the vinyl ester mechanical properties and cause a greater degree of plasticization.   
 Another notable difference between ETBN and VTBN systems is found by 
comparing Figures 2.12 and 2.13 in the appearance of an additional peak in the loss 
modulus at approximately 88°C for the VTBN system.  It is suspected that this peak 
represents a transition for a rubber-containing phase.  The fact that VTBN systems show 
this peak and ETBN systems do not support the idea that this peak is associated with the 
rubber-containing phase.  ETBN systems do not show this peak because the ETBN is not 
linked to the matrix.  Since VTBN reacts with the matrix, it should appear in the DMA 
plots.  The appearance of this additional peak for VTBN is useful to obtain more 
information about the composition of the rubber phase.   
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Figure 2.12.  DMA plots showing the behavior of VTBN modified vinyl ester with varied 
rubber loadings.  An additional peak occurring around 88°C indicates the formation of 
another rubber containing phase. 
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Figure 2.13.  DMA plots showing the behavior of ETBN modified vinyl esters with 
varied rubber loadings.  The significant reductions in storage modulus can be attributed to 
pre-existing voids around the ETBN rubber particles. 
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 The Tg of VTBN, as reported by the manufacturer, is -49°C.  When VTBN 
homopolymerizes and becomes crosslinked, the Tg increases to -28°C.  Since an 
additional Tg appears around 88°C, this supports our findings from volume fraction 
calculations that the additional phase contains all three components.  Supplementary 
DMA scans were run at low temperatures to find whether there were any more transitions 
in VTBN systems.  Figure 2.14 gives DMA scans comparing an unmodified, VTBN 
modified, and ETBN modified vinyl ester at low temperatures.  A peak in the loss 
modulus occurs at -74°C for all of the samples representing a transition associated with 
VE resin.  The VTBN modified vinyl ester shows another very slight peak in the loss 
modulus around 10°C that represents another rubber transition.  Again, ETBN does not 
show this peak because the rubber particles are not bound to the matrix due to voids 
surrounding the rubber particles.  For the VTBN system, note that there is no peak in the 
loss modulus in Figure 2.14 at -28°C that would correspond to the homopolymerized 
rubber.  This also supports the contention that there are no rubber-only regions 
throughout the resin. 
 The fact that two peaks exist in the loss modulus for VTBN modified systems 
supports the notion that the rubber partitions into more than one phase.  Basic 
calculations were performed using the volume fraction data and the DMA data to 
estimate the composition of the VTBN regions.  An assumption used in performing these 
calculations is that all of the rubber has separated from the vinyl ester network.  This is a 
good assumption because the properties of the vinyl ester are not greatly reduced.  Using 
this assumption, the VTBN concentration can be calculated in this rubber rich phase.   
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Figure 2.14.  DMA plots comparing the storage and loss modulus of ETBN, VTBN, and 
unmodified vinyl esters at low temperatures.  A slight peak  occurring around 10°C for 
the VTBN is indicative of a phase containing mostly styrene and VTBN. 
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These calculations reveal that a sample initially containing 8 wt.% VTBN should contain 
approximately 35 vol.% or 30 wt.% VTBN in the rubber-rich phase after cure. 
Experiments were conducted keeping the VTBN concentration at 30 wt.% and varying 
the ratio of vinyl ester monomer to styrene while maintaining miscibility of the three 
components.  The highest achievable Tg of a single phase pre-cure system (containing 30 
wt.%) rubber was 51°C, which falls shorter than the 88°C Tg found in the VTBN 
modified systems.    Given that there are two distinct transitions attributable to the rubber 
domain, one part of the rubber region may be comprised primarily of styrene and rubber, 
since this would result in a lower Tg , and the other by a higher Tg  rubber phase richer in 
vinyl ester.  Experiments were performed varying the compositions of styrene and VTBN 
and the results are given in Figure 2.15.  A Tg occurs around 10°C for a mixture of 30 
wt.% VTBN and 70 wt.% styrene.  Since a slight, but reproducible Tg is observed in 
Figure 2.14 at 10°C, a mixture of 30:70 VTBN:ST by weight approximates one of the 
phases of the rubber region.  This helps to explain why a second transition of the rubber 
domain occurs at 88°C.  That is, since a significant portion of low-Tg material (VTBN 
and styrene) is partitioned away from the vinyl ester in the rubber phase, the Tg of the 
second portion of the rubber domain should be relatively high compared to that predicted 
for a one-phase rubber domain (51°C).  Thus, it is likely that more than one phase occurs 
within the rubber domain for VTBN modified systems.  However, the actual ratios of the 
two phases in the rubber region cannot be determined with this analysis.  For ETBN 
systems, it speculated that the same behavior occurs, however, this type of analysis 
cannot be used since DMA is unable to determine the presence of the rubber phase. 
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Figure 2.15.  A plot showing that as the concentration of VTBN increases, the Tg of the 
binary mixture does as well.  At 30 wt.% VTBN, the Tg of the mixture is 10°C and 
corresponds to a peak in the loss modulus in Figure 2.14. 
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2.3.2.4. Summary 
Vinyl esters are more difficult to toughen using acrylonitrile-butadiene based 
rubbers than step-polymerizing systems like amine-cured epoxies because of solubility 
considerations and the differences in network formation.  In this study, a low molecular 
weight VE monomer was synthesized to achieve a completely miscible pre-cure 
formulation without the use of compatibilizers, thus allowing for better control of rubber 
phase separation during cure.  Polymers obtained from low molecular weight VE 
monomers are inherently more brittle and the use of a low molecular weight VE 
monomer does not allow for the synergistic toughening effect observed in similarly 
toughened epoxies [7].  While a low molecular weight VE monomer was used in this 
study to meet our design criterion of pre-cure miscibility, a significant improvement in 
toughness was observed.  For an 8 wt.% ETBN modified systems, a nine-fold increase in 
fracture toughness was observed with limited detraction of mechanical properties.  
Changing the reactivity of the rubber modifier was found to significantly influence phase 
separation behavior and the resulting properties of the modified materials. ETBN 
modified systems experienced significant voiding that facilitated greater increases in 
fracture toughness but reduced the modulus more significantly. 
 
 
2.4. Chapter Summary 
 
 In this chapter, we compared the difference between rubber toughening epoxy and 
vinyl ester resins.  Rubber modification is much more uncomplicated for epoxies than 
vinyl esters because of their superior pre-cure solubility with the rubber and controlled 
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network formation during cure.  Therefore, the epoxy-amine system was used as a 
baseline for comparison of the vinyl ester systems.  We examined several aspects of the 
rubber modified resins, including pre-cure solubility, resin properties, and rubber 
morphology. 
 The solubility of acrylonitrile-butadiene rubber modifiers is much better for than 
vinyl esters.  In instances where room temperature solubility was difficult for epoxies, we 
used high acrylonitrile concentrations in the rubber to achieve miscibility.  For the vinyl 
ester systems, other measures were needed to achieve room temperature solubility.  We 
synthesized a low molecular weight vinyl ester monomer and increased styrene content to 
meet solubility criterion. 
 The greatest interest in this work was resin properties: Tg, storage modulus, and 
fracture toughness.  All systems had significantly increased fracture toughness and 
exhibited varying levels of plasticization.  Resin systems that experienced the highest 
level of phase separation during cure retained Tg and modulus better than systems 
showing little phase separation.  Thus, a key factor in maximizing the effectiveness of 
rubber toughening is to design a system in which phase separation occurs at the point of 
cure initiation.   
 The greatest difference between the two resin systems was the rubber particle 
morphology exhibited.  The epoxy system showed typical particle morphology, where the 
rubber domains were bound to the surrounding matrix.  In some instances, rubber particle 
cavitation occurred during fracture to leave voids behind in the matrix.  In vinyl esters, 
the reactive rubber modifier showed the same trends in the rubber particle morphology.  
The rubber was firmly bound to the matrix and no rubber particle cavitation was present.  
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For the non-reactive rubber modifier, there were some significant deviations from typical 
rubber morphology.  A considerable amount of voids were present around the rubber 
particle domains.  Density measurements showed a substantial decrease from an 
unmodified vinyl ester.  This proved that the rubber particles existed prior to cure and did 
not form from rubber particle cavitation during fracture.  The mechanism for void 
formation in the rubber domains hinges upon the styrene present in the resin.  The styrene 
swells the rubber prior to cure.  During cure, the rubber domains phase separate and 
styrene is partitioned between the rubber and matrix phase.  At the point of gelation, the 
second phase morphology is “locked” into place.  The matrix, however, remains reactive 
and draws the styrene from the rubber domains.  As removal of styrene continues, the 
rubber domains shrink away from the matrix at the interface.  Shrinkage of the rubber 
domains from the matrix causes the voids and is further exaggerated during post cure, 
when the resin is raised to temperatures exceeding the Tg.  Using DMA analysis, we 
were able to estimate that the final composition of the rubber domains is 30 wt.% rubber 
and 70 wt.% styrene. 
 The most important observation in this work is the void formation around non-
reactive second phases in vinyl esters.  In most systems, styrene either swells or dissolves 
the second phase imbedded in the matrix.  The next chapter begins the quest for seeking 
new methods for toughening vinyl ester composites.  In the following chapters, it will be 
demonstrated that the problem of styrene partitioning in non-reactive second phases is an 
overriding issue for vinyl ester systems. 
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CHAPTER 3: INTERLAYER TOUGHENING 
 
3.1. Introduction 
 
 The results from Chapter 2 indicate that rubber toughening is not a feasible 
approach for vinyl ester resins and their composites.  In general, vinyl esters pose several 
issues with most second phase tougheners.  Since it is composed of two monomers, the 
solubility of an organic modifier presents several compatibility problems.  For rubber 
modifiers, the compatibility between the vinyl ester and rubber is poor, becoming more 
of a problem as the molecular weight of the vinyl ester monomer increases.  Styrene, 
however, is much more compatible with rubber modifiers.  Styrene swells the rubber 
modifier and is partitioned between the rubber and vinyl ester phase.  This problem can 
extend to other polymer or rubber modifiers as well.    Most high molecular weight 
modifiers will be incompatible with the vinyl ester monomer, while styrene will either 
swell or in severe cases, dissolve the added polymer. 
 Second phase toughening is also difficult for vinyl esters because of the nature of 
the free radical copolymerization.  Vinyl esters gel at lower conversions than step 
polymerization thermosets like epoxies.  Therefore, less time is given for a dissolved 
rubber or thermoplastic to phase separate and can result in matrix plasticization.  
One of the objectives of this chapter is to present a new method of toughening 
that is not dependent upon the separation of a toughening, second phase.  We propose the 
addition of a toughening polymer as an interlayer in a vinyl ester composite to improve 
the delamination properties of the composite.  As covered in Chapter 1, this method has 
shown significant progress in improving the delamination properties of prepreg epoxy 
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composites [81].  Our goal is to apply this same concept to vinyl ester matrix composites 
that are processed using vacuum assisted resin transfer molding (VARTM). 
Figure 3.1 gives a schematic representation of the interlayer toughening method.  
If successful, this toughening method improves the delamination resistance in mode I, or 
peel mode, and mode II, or shear mode.  An unmodified composite contains several 
laminates comprising of composite reinforcing fibers.  As shown in Figure 3.1, the 
interlayer toughening material will be processed in between each laminate.  In this work, 
the interlayer is comprised of a toughening polymer, polysulfone, in the form of a 
randomly oriented nano- to micro- sized fibers produced through electrospinning.  The 
details of the electrospinning process will be given in Chapter 4.  When infused with 
vinyl ester, these interlayers possess a co-continuous fiber morphology throughout the 
vinyl ester.  This type of morphology has been proven to toughen epoxy systems [75-79].  
This chapter addresses several aspects of using interlayer toughening as an 
alternative to resin toughening.  First, we show the effects of adding polysulfone to the 
same epoxy-amine system studied in Chapter 2.  This will give insight into the degree of 
toughening, using this polymer and the differences in morphology, when compared to 
rubber toughened systems.  The next section gives property data for composites 
fabricated with interlayers of different thickness.  It was found that the interlaminar 
strength and modulus of these composites decreased.  Therefore, the final section 
addresses problems associated with this toughening method for vinyl esters, specifically 
the wetting issues associated with styrene. 
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Figure 3.1. Polysulfone fibrous mats are incorporated as interlaminar layers to improve 
the delamination characteristics of vinyl ester composites.  When infused with vinyl ester, 
the interlayer possesses a co-continuous morphology of polysulfone and vinyl ester. 
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The foregoing chapter provides a transition from resin toughening to interlayer 
toughening in composites.  The compatibility of a second, non-reactive phase in vinyl 
ester proves to be a reoccurring theme throughout this work.  Some of the same problems 
we experienced with void formation in rubber toughened systems occurs in these systems 
as well.  Therefore, this chapter also lays the groundwork for Chapters 5 – 7, where the 
problem of vinyl ester compatibility with organic modifiers will be addressed. 
 
3.2. Experimental 
3.2.1. Materials 
 
The vinyl ester used in this work was Derakane 411-C50 and was supplied by 
Ashland Specialty Chemicals.  The resin was cured by free radical polymerization using 
2.0 wt. % cumene hydroperoxide based initiator, Trigonox 239A (Akzo Chemical) and 
0.5 wt. % cobalt naphthenate (Witco) as an accelerant.  Polysulfone (UDEL® P-1800) 
was supplied from Amoco Polymers, Inc.  It has a Mw of around 66,900 and a Mn of 
18,800.  Dimethyl formamide (DMF) was purchased from Aldrich and used as received.  
The details of the electrospinning process for producing polysulfone fibers are covered in 
the next Chapter.  
 
3.2.2. Composite Processing 
 
 Each composite was processed using Vacuum Assisted Resin Transfer Molding 
(VARTM).  Eight layers of AS4 carbon fibers comprised the reinforcing fibers with a 5-
harness satin weave and 12k tow.  For composites containing an interlayer, electrospun 
mats were stacked in between each carbon fabric layer. During processing, vacuum was 
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held to approximately -30 in. Hg.  Vacuum was applied to the composite until at least an 
hour after gelation.  After the composite was given adequate time to cure (usually 
overnight), they were post-cured at 150°C. 
 
3.2.3. Optical Microscope 
 
 An Olympus optical microscope was used to inspect the interlaminar layers of each 
composite system.  The composites were inspected at magnifications of 200 to 1000x.   
 
3.2.4. Morphological Studies 
 
 The method for evaluating the morphology of the vinyl ester-polysulfone interlayer is 
given in Section 2.2.1.5. 
 
3.2.5. Dynamic Mechanical Analyzer (DMA) 
 
 The method of DMA analysis used for these systems is given in Section 2.2.4, where 
the starting ramp temperature is 30ºC instead of 200ºC. 
 
3.2.6. Interlaminar Strength 
 
 The interlaminar strength of each composite system was tested following ASTM 
D2344-84.  Each specimen was subjected to a three-point bend, where the crosshead was 
lowered at a rate of 0.05 in./min. until interlaminar failure occurred.  Each specimen was 
⅛ in. thick, dictating that the span of these tests was ½ in. and the width was ¼ in.  Ten 
samples were tested for each composite. 
 
  
 104
3.3. Thermoplastic Modification of an Epoxy-Amine Resin System 
 
 An alternative to rubber toughening epoxies involves using a thermoplastic 
polymer as a toughening agent [75-79].  The thermoplastic is dissolved in the epoxy prior 
to cure and separates into a second co-continuous phase throughout the resin during cure.  
Since a thermoplastic has stronger mechanical properties than a rubber modifier, the 
properties of the epoxy are maintained better than with rubber toughening.  
 This section examines epoxy systems toughened with polysulfone.  The 
morphology of polysulfone toughened epoxy is much different than the rubber toughened 
epoxies from Chapter 2.  Figure 3.2 shows an SEM micrograph of an epoxy containing 
10 wt.% polysulfone [80].  The polysulfone forms a co-continuous phase throughout the 
epoxy upon phase separation, which is much different than the particle morphology 
found in rubber toughened systems.   
 Table 3.1 compares the properties of a polysulfone-toughened epoxy to that of the 
best-case rubber-toughened system (CTBNx13).  The resin viscosity is the most 
significant difference between the two forms of toughening.   Most of the 10 wt. % 
rubber-modified epoxies in Chapter 2 had viscosities on the order of 1,000 to 10,000 cP 
at room temperature.  The viscosity of an epoxy modified with 10 wt. % polysulfone is 
about 150,000 cP.  Therefore, processing this resin at room temperature conditions is not 
possible.  An epoxy with only 5 wt. % modification polysulfone has a viscosity closer to 
that of the rubber modified epoxies. 
 
 
 
  
 105
 
 
 
 
 
 
 
Figure 3.2. An SEM micrograph of an epoxy modified with 10 wt.% polysulfone. 
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Table 3.1.  Property comparison of polysulfone and CTBN toughened epoxies 
 
Sample Wt.%  
Modification 
Room Temp. 
Viscosity 
(cP) 
E′ at 
30°C 
(GPa) 
Tg 
(°C) 
G1c  
(J/m2) 
K1c 
(MPa⋅m½) 
       
Epon 862 0 1,324 2.47 165.0 170 ± 50 0.95 ± 0.18 
       
Polysulfone  5 20,600 2.40 165.1 240 ± 30 0.84 ± 0.06 
 10 150,300 2.35 165.7 330 ± 70 0.99 ± 0.12 
       
CTBN x13 5 4,144 2.31 155.6 420 ± 60 1.03 ± 0.05 
 10 5,912 2.20 153.8 750 ± 70 1.39 ± 0.09 
 
 
 Since polysulfone has a higher Tg than the epoxy system, the polysulfone 
increases the Tg of the toughened resin from 165.0°C to 165.7°C for 10 wt.% 
modification.  The storage modulus is only slightly affected, experiencing a reduction 
from 2.47 GPa to 2.35 GPa.  This compares very favorably to the rubber modified resins.  
Figure 3.3 compares the fracture toughness of a polysulfone modified epoxy with an 
epoxy modified with CTBN x13.  It is evident from Figure 3.3 that rubber toughening has 
a more substantial impact on fracture toughness than toughening with polysulfone.  The 
G1c of the 10 weight % polysulfone epoxy is 330 ± 70 J/m2 and the K1c is 0.99 ± 0.12 
MPa⋅m½.  This pales in comparison to an epoxy modified with 10 wt.% CTBN x13, 
which has a G1c of 750 ± 70 J/m2 and K1c of 1.39 ± 0.09 MPa⋅m½.  Therefore, 
thermoplastic toughening retains the properties of the resin much better than rubber 
toughening, but it is much less effective in actually toughening the resin.  The ultimate 
success of polysulfone addition in VE matrix composites will not rely on the ability to 
toughen the resin, but the institution of an interlayer that adds other types of energy 
dissipating mechanisms in composites [20,29]. 
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Figure 3.3.  A plot of G1c and K1c comparing a polysulfone modified epoxy to an epoxy 
modified with CTBN x13. 
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3.4. Properties of Interlayer Composites 
 
 The addition of an electrospun interlayer can potentially improve composite 
properties like Tg, modulus, interlaminar strength, and fracture toughness. We processed 
composites containing interlayers of different thickness.  Due to the compressible nature 
of the electrospun mats, it was difficult to directly measure the thickness of each mat.  
Therefore, we used areal density as a measure of thickness.  In these experiments, we 
investigated interlayer thickness of 1.5 ± 0.2 and 2.6 ± 0.2 mg/cm2.  As shown in Figure 
3.4, an electrospun mat, having an areal density of 2.6 ± 0.2 mg/cm2, corresponds to an 
interlayer thickness of approximately 100 µm. 
 Dynamic Mechanical Analysis (DMA) is a useful tool to evaluate modulus, modulus 
retention with increasing temperature, and Tg.  Vinyl ester resin typically has a storage 
modulus of 3.2 GPa at 30°C and a Tg of 140°C [82].  In comparison, polysulfone has a 
lower storage modulus (2.3 GPa at 30°) and a higher Tg of 185°C.  In Figure 3.5, we 
show a DMA plot of a vinyl ester matrix composite and composites containing 
polysulfone electrospun interlayers of different thickness.  It is evident that the addition 
of the interlayers reduces storage modulus at lower temperature.  This is expected since 
polysulfone has a lower room temperature modulus than vinyl ester.  The modulus 
retention with increasing temperature, however, does not appear to be affected by the 
interlayers.  Finally, the Tg of the matrix appears to be slightly increased by the addition 
of interlayers. 
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Figure 3.4.  This optical micrograph shows that addition of an electrospun mat with an 
areal density of 2.6 mg/cm2 results in an interlayer that is approximately 100 microns 
thick. 
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Figure 3.5.  This Dynamic Mechanical Analysis (DMA) plot comparing composites of 
different interlayer thickness shows that the modulus is reduced and the matrix Tg is 
increased with the addition of the interlayer.  Also, the polysulfone Tg is present at 185°C. 
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 The property retention of the composites containing polysulfone interlayers 
compare favorably to composites toughened with a rubber modifier (VTBN).  In Figure 
3.6, the modulus retention of the rubber modified composite is very poor when compared 
to the interlayer composite.  Additionally, the Tg of the rubber modified composite 
decreases, whereas an increase is seen for the interlayer composite. 
 Interlaminar shear strength (ILSS) is another important property of these 
composites.  This property can give insight into the interfacial performance (i.e. adhesion, 
wetting) of the matrix resin with the composite fibers.  Since we are now adding a second 
fiber-matrix interface, the interlaminar strength could change depending on the 
interaction between the electrospun fibers and the matrix.  Figure 3.7 shows that when 
adding the polysulfone interlayers, the interlaminar strength decreases in proportion to 
the thickness of the interlayer.  When adding an interlayer with an areal density of 2.6 
mg/cm2, the interlaminar strength actually decreases more than the rubber modified 
composite.  This result indicates that the composite shears at the electrospun fiber 
interface prior to the carbon fiber interface. Therefore, the emphasis of the next section is 
to investigate what factors are causing a decrease in this property and ways in which we 
can solve the problem. 
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Figure 3.6.  This DMA plot compares a rubber modified composite with an interlayer 
toughened composite.  The modulus retention with increasing temperature is much better 
for the composite containing an interlayer.  Also, the Tg is increased for this composite, 
whereas a decrease in Tg occurs with rubber toughening. 
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Figure 3.7.  The composite containing electrospun mats as interlayers (•) experience a 
reduction in interlaminar strength, where the reduction is directly proportional to the 
thickness of the interlayer.  The retention of interlaminar strength is comparable to that of 
a rubber toughened composite (o). 
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3.5. Interlayer Wetting 
 
The reduction in interlaminar strength and storage modulus for the interlayer 
composites indicates that problems exist at the interface of the vinyl ester resin and 
polysulfone electrospun fibers.  Figure 3.8 gives SEM micrographs for a fracture surface 
of the interlaminar layer.  The polysulfone fibers are prevalent throughout the vinyl ester 
matrix.  A noticeable and undesirable trend is the presence of voids around the 
polysulfone fibers.  This behavior appears to be very similar to that of the voids formed 
in Chapter 2 for our rubber toughened systems.  The mechanism of void formation is 
related to that of the non-reactive rubber modifier, where partitioning of styrene occurs 
between the fibers and matrix phase as shown in Figure 3.9.  Prior to cure, styrene swells 
the polysulfone electrospun fibers.  Free radical cure progresses as normal until the point 
of gelation.  At this point, the second phase morphology of the fibers is locked into place.  
Although gelled, the vinyl ester matrix remains reactive and draws the styrene out of the 
swollen fibers, leaving voids around the fibers. 
 
 
3.6. Chapter Summary 
 
 In this chapter, we proposed an alternate toughening method to rubber toughening 
for vinyl ester composites.  A layer of a toughening polymer can be added as an 
interlayer in a composite to potentially improve the delamination characteristics of a 
vinyl ester composite, along with interlaminar strength, modulus, and Tg.  The proposed 
interlayer is comprised of polysulfone in the form of randomly-oriented nano- and micro- 
sized nanofibers produced by electrospinning.   
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Figure 3.8.  SEM micrographs of the interlayer morphology.  Voids form around the 
fibers due the wetting/swelling behavior of the polysulfone fibers in vinyl ester. 
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Figure 3.9.  Voids form in the interlayer due to the (b) swelling of the electrospun fibers 
with styrene prior to cure.  (c)  During cure, styrene is drawn out of the fiber by the 
reactive matrix, leaving voids around the fiber. 
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We were able to show that the addition of polysulfone improves the fracture 
toughness and Tg of an epoxy-amine resin system.  The increase in fracture toughness is 
not as significant as rubber toughened systems for the same modifier concentration; 
however there is potential to surpass the fracture toughness levels of rubber modified 
systems.  In the interlayer, the concentration of polysulfone would be relatively high, 
where the resin would only be present in the spacing between the fibers.  Also, the 
presence of an interlayer allows fuller development of plastic deformation in the 
interlayer, thus increasing fracture toughness.   
 Composites were made containing interlayers of different thickness.  We 
observed slight increases in Tg for these composites, however, we experienced losses in 
modulus and interlaminar strength.  This indicated that we were experiencing problems at 
the interface between the vinyl ester and polysulfone electrospun fibers.  Inspection of the 
interlayer morphology proved that voids formed around the fibers.  These voids were 
reminiscent of those in the non-reactive rubber toughened systems, as highlighted in 
Figure 3.10.  We speculated that the voids are created via the same route as the rubber 
toughened systems.  The styrene swells the polysulfone fibers prior to cure and is drawn 
out after gelation to form voids.   
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Figure 3.10.  Comparison of void formation in rubber toughened system (top) to 
interlayer toughened system with polysulfone fibers (bottom). 
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 Interlayer toughening is a method that avoids dependence of phase separation in 
vinyl ester systems.  However, we have seen before that the problem arises in vinyl ester 
associated with the swelling of styrene in a non-reactive second phase.  The objective of 
the next several chapters is to address this issue for interlayer toughened systems.  In 
Chapter 4, we provide details of the electrospinning process and methods we can use to 
tailor the interlayer morphology.  Chapters 5 and 6 involve methods we can employ to 
change the interphase behavior between vinyl ester (in particular, styrene) and the 
polysulfone fibers.  Chapter 7 revisits the concept of making composites containing 
electrospun interlayers, where the technology developed in Chapters 5 and 6 improve the 
interface between the electrospun fibers and vinyl ester.  
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CHAPTER 4: ELECTROSPINNING 
 
4.1. Introduction 
 
 In Chapter 2, we concluded that resin toughening through rubber modification is 
not a feasible approach to improve the delamination characteristics of vinyl ester 
composites as a result of poor rubber-VE compatibility and interfacial performance.  
Chapter 3 introduced a method of composite toughening which involves embedding 
polysulfone electrospun mats as interlayers in a composite.  In the foregoing chapter, we 
provide details about the electrospinning process.  We provide a background on 
developments in electrospinning, which highlights the process description, process 
modeling, and methods for fiber alignment.  We give experimental results that show the 
ability to control polysulfone fiber morphology by changing electrospinning processing 
variables.  Also, a qualitative discussion is given about the process stability. 
 This chapter serves as the first step in developing a novel method for toughening 
vinyl ester matrix composites.  Electrospinning processing variables give us the ability to 
tailor the fiber size and thickness of the interlayer.  Therefore, we can optimize the 
parameters that provide the best improvements in composite fracture toughness.  As 
discussed in Chapter 3, the formation of voids around the electrospun fibers poses an 
obstacle for utilizing this technique because of poor interfacial interaction of the resin and 
fibers.  Chapters 5 and 6 will focus on methods to improve this behavior. 
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4.2. Background 
 
 Electrospinning has gained much attention since the 1980s due to the surging 
interest in nanotechnology.  It has been reported that over one hundred polymers have 
been processed into nano- and micro- fibers, using electrospinning from both the melt 
and solution [83].  Electrospun fibers have been used in a wide variety of applications, 
some of which include nanocomposite, biomedical, protective clothing, filter media, and 
tissue engineering scaffolding [83].  The background presented here focuses on specific 
aspects of the electrospinning process.  A process description is given that describes the 
overall concept of electrospinning.  Next, we present a process modeling background that 
gives insight into what fundamental relationships govern the process.  The final part of 
this section provides methods researchers have used to uni-axially align the fibers during 
processing. 
 
4.2.1. Process Description 
 
A schematic representation of the electrospinning process is given in Figure 4.1.  
A high voltage power supply induces an electrostatic force on a polymer solution held at 
the end of a conductive capillary tube.  As the voltage reaches a critical potential, the 
electrostatic forces exceed those created by surface tension of the polymer solution at the 
end of the capillary tube and results in the formation of a Taylor cone [84].  A jet of 
polymer solution emanating from the cone travels towards a grounded collection plate.  
At the initiation of the jet, the diameter of polymer fiber is on the order of microns.  
During its travel to the grounded collection plate, the polymer loses solvent and  
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Figure 4.1.  Schematic representation of the electrospinning process 
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experiences a whipping action in the jet.  In the whipping region, the polymer jet 
undergoes many twists and turns, which create a pulling effect and reduce the diameter of 
the jet and the polymer fiber to the nanometer scale.  As processing continues, the fibers 
form a randomly oriented mat on the grounded collection plate.  
 
4.2.2. Process Modeling 
 
Modeling of the electrospinning process stems from the physics of fluids, 
specifically the effects of an electrostatic force on a viscous fluid.  To gain the ability to 
control fiber morphology, a quantitative understanding of how the electrospinning 
process transforms the fluid solution through a millimeter diameter capillary tube into 
solid fibers, which are four to five orders smaller in diameter, must be developed. When 
the applied electrostatic forces overcome the fluid surface tension, the electrified fluid 
forms a jet out of the capillary tip towards a grounded collecting screen. The process 
consists of three stages:  (i) jet initiation and linear extension of the jet away from the 
capillary tip, (ii) the growth of whipping instability, where the jet travels in the axial and 
radial directions, and (iii) the deposition of the solvent-free nanofibers on the substrate.  
These topics will be discussed in the following sections. 
 
4.2.2.1. Jet Initiation and Linear Extension 
 Jet initiation was the earliest portion of the electrospinning to be studied and 
predates 1970.  The two factors that are most important with respect to the jet initiation 
include the formation of a cone at the end of the capillary tube and the minimum voltage 
necessary for electrospinning, both of which were first studied by Taylor [84,85,86].  
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According to Taylor, the formation of the jet occurs as a result of the maximum 
instability of the liquid surface induced by the electric field.  Taylor also showed that this 
cone becomes stable when it has a semi-vertical angle of 49.3°.  Larrondo has validated 
Taylor’s work independently [87,88,89], although more recent work has shown the angle 
of the cone to be 33.5° [90]. 
 The correlation between the initiation of the jet and the strength of the electric 
field is the other issue that has been studied.  Taylor showed that the critical voltage, Vc, 
at which the maximum jet fluid instability develops is given by: 
( γπR
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L
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Vc 117.05.1
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2
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⎛ −= )     [4.1] 
where H is the distance between the electrodes, L is the length of the capillary tube, R is 
the radius of the tube, and γ is the surface tension of the fluid.  The minimum spraying 
potential of a suspended, hemispherical, conducting drop in air was calculated by 
Hendricks [91]. 
γπrV 20300=      [4.2] 
where r is the drop radius. 
In 1971, Baumgarten noticed that as viscosity of the polymer solvent increased, 
the spinning drop changed from approximately hemispherical to conical [92]. By using 
equi-potential line approximation calculation, Baumgarten obtained an expression to 
calculate the radius r0 of a spherical drop (jet) as follows: 
πσρ
ε
k
m
r 030
4 &=       [4.3] 
where ε is the permitivity of the fluid (in coulombs/volt-cm), m0 is the mass flow rate 
(gram/sec) at the moment force, where r0 is to be calculated, k is a dimensionless 
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parameter related with the electric currents, σ is electric conductivity (amp/volt cm), and 
ρ is density (g/cm3). 
 In 1986, Smith expanded on the works of Taylor and Hendricks by studying the 
electrohydrodynamic (EHD) atomization of liquids [93].    This phenomenon describes 
the form of atomization that occurs from a steady conical meniscus as opposed to other 
forms of atomization.  The onset parameters, like onset potential, capillary radius, liquid 
conductivity, and viscosity, of this EHD atomization mode were studied.  Smith stated 
that the onset of the EHD mode of a given liquid from different electrode configurations 
is best understood in terms of identical field conditions required on the liquid surface.  
The relationship between EHD mode onset voltage and the capillary-earth plane 
parameters for this requirement is given by: 
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These conditions show that the onset potential will increase with the square root of the 
surface tension.    Another onset parameter investigated was liquid conductivity.  It is 
generalized that as conductivity increases, the filament width, length, aerosol droplet size, 
and flow rate decrease significantly.  An increase in liquid viscosity resulted as aerosol 
droplet size increased along with an increased flow rate.   
 In 1993, Kaiser et al. [94] attempted to simulate the jet initiation, which they 
classified as a two-dimensional electrified liquid jet.  A finite difference technique was 
coupled with a computational fluid dynamic code to solve Poisson’s equation and the 
Navier-Stokes equations at the electrostatic fluid-flow interface.  Kaiser simulated the 
dynamics of free-surface EHD fluid flow for a dielectric fluid in an electrostatic nozzle 
and a conducting two-dimensional jet.  Simulation of the jet initiation is represented by a 
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set of time sequence graphs.  This modeling technique was relatively successful in 
predicting the formation of a cone and the formation of drops at the tip of the cone.  
However, the presence of boundaries complicated the modeling procedures.  At the 
electrode boundary, charge transfer between the fluid and the electrode can take place.  
For the free-surface boundary, surface charge can accumulate at the interfaces, which is 
difficult to incorporate in this modeling routine.  To better simulate the jet initiation, they 
stated that a method must be developed to update the charge density and charge flow 
equations. 
Spivak et al. [95,96] formulated an EHD model of steady state electrospinning in 
a single jet, taking into account inertial, hydrostatic, viscous, electric, and surface tension 
forces. A one dimensional differential equation for the jet radius, as a function of the 
distance from the jet tip towards the collecting plate, was derived by averaging physical 
quantities over the jet cross-section. This model compared well to their experimental 
results. 
In 2000, Storr and Behnia [97] computer simulated experimental results using the 
volume of fluid (VOF) numerical technique.  The VOF jet models described the 
macroscopic behavior of gravity-driven non-viscous liquid jets very well, but small-scale 
effects, such as jet erosion through surface stripping and jet breakup upon collision with a 
solid, were not simulated with adequate detail.  Also, VOF does not model viscous jets as 
well as non-viscous jets. 
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4.2.2.2.  Instability Zone 
 The initiation of the jet and the characterization of the nanofibers have been 
widely studied.  The most unknown and controversial part of the electrospinning process 
occurs from the point of jet initiation to the formation of the nanofiber, known as the 
instability zone.  Nanofibers are formed in this zone; however, it is still unclear how.  
Originally, it was thought that the fibers were split into several smaller fibers, a 
phenomenon named “splaying.”  It was easily explained that the difference between the 
jet width during initiation (micron) and final fiber diameter (nanometer) depended on the 
number of splays that occurred. 
 In 2000, Reneker et al. was the first to diverge from the splaying theory by 
proposing the idea of a reduction in diameter from a whipping instability [98]. Their 
theory suggested that after the jet flowed away from the droplet in nearly a straight line, it 
bent into a complex path and other changes in shape occurred, during which electrical 
forces stretched and thinned it by very large ratios.  The electrically-driven bending 
instability is triggered by perturbations of the lateral position and lateral velocity of the 
jet.  The repulsive forces between the charges associated with the jet causes the every 
segment of the jet to lengthen continuously along a changing path until the jet solidified.  
The jet bends and spirals as it travel towards the grounded plate, stretching and thinning 
at every turn.  These bending instabilities were modeled by a system of connected 
viscoelastic dumbbells.  Springs and dashpots, connecting the beads in the dumbbells, 
mimicked the Maxwellian viscoelastic resistance to elongation of the jet.  Equations of 
motion of the beads, with all the forces acting in combination, were used to numerically 
follow the evolution of the path of the electrically charged polymer jets in the presence of 
  
 128
spatial and temporal perturbations.  This modeling technique compared favorable to 
experimental results.  
Shin et al. [99,100,101,102] investigated the stability of electrospinning PEO 
(polyethylene oxide) jet using a technique of asymptotic expansion for the equations of 
EHD in powers of the aspect ratio of the perturbation quantity, which was the radius of 
the jet and was assumed to be small. After solving the governing equations, they found 
that the possibility for three types of instabilities exists. The first is the classical Rayleigh 
instability, which is axisymmetric with respect to the jet centerline. The second is again 
an axisymmetric instability, which may be referred to as the second axisymmetric 
instability.  The third is a nonaxisymmetric instability, called ‘‘whipping’’ instability, 
mainly by the bending force.  The type of instability that occurs depends on the electric 
field strength.  At low electric fields, the Rayleigh instability dominates while the 
whipping instability dominates at higher electric fields.  Further, Shin [101] has cited the 
bending instability to be the cause of the “inverse cone” or when the primary jet is split 
into multiple jets, which has also been reported by Reneker [98]. 
 The notion of jet instability during its travel to the collection plate revitalized the 
idea of splaying and branching in this region.  With more advanced equipment, research 
groups were able to observe the splaying phenomenon in various polymer systems 
[103,104].  Shkadov et al. [105] theoretically investigated the excitation conditions of 
both axisymmetric and nonaxisymmetric perturbations of an electrically charged jet. The 
linearized problem was analyzed in terms of the surface frozen charge approximation. 
Their solutions indicate that there is a possibility of stability control of a moving 
electrified jet in the longitudinal electric field. By adjusting electric intensity and liquid 
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properties, the axisymmetric mode instability usually causing the jet decay on drops can 
be reduced considerably, and the increments of nonaxisymmetric modes m=1 and m=2 
are increased where m is the azimuthal wave number. They showed that the 
nonaxisymmetric mode could lead to the longitudinal splitting into two of the initial jet. 
Yavin et al. derived a quasi-one-dimensional equation to describe the mass 
decrease and volume variation of the fluid jet due to evaporation and solidification, by 
assuming that there is no branching or splitting from the primary jet [106]. With an initial 
weight concentration of 6% and other processing parameters, they calculated that the 
cross-sectional radius of the dry fiber was 1.31x10-3 times of that of the initial fluid jet.  
Although the solidification rate varied with polymer concentration, the other issues such 
as how this rate varies with electrostatic field, gap distance, etc. and how to control the 
porous dimension and distribution during the solidification have not been clearly 
addressed. 
 
4.2.3. Fiber Alignment 
 
Conventional electrospinning yields mats of randomly oriented polymer 
nanofibers.  In many applications, preferential alignment of these fibers is imperative.  
Some of the early methods for aligning methods included using rotating grounded 
substrates to pull the fibers as they landed.  These techniques, however, do not give the 
degree of alignment that would be needed in most applications.   
Some of the latest alignment techniques involve patterning the grounded electrode.  
In conventional electrospinning, the fibers are deposited on a flat, conductive substrate so 
that the like charges of the fibers create electrostatic repulsion.  Since the electrode in 
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these cases is conductive, these repulsive forces do not last long and the jet is repelled 
locally on the substrate.  Since there is no preferential direction of the electrostatic forces, 
the fibers randomly collect on the grounded substrate.  Li et al., however, demonstrated 
uniaxial alignment by dissecting the conventional collector electrode into two pieces and 
separating them with a void gap [107].  When an insulating gap is introduced, the fibers 
in the gap remain highly charged.  The only configuration for the fibers to have is parallel 
to each other so that they are in their lowest energy state.  The authors achieved the same 
results when using another insulating material, like quartz, polystyrene, or glass in the 
gap.   
 
4.3. Experimental 
4.3.1. Materials 
 
Polysulfone (UDEL® P-1700) was supplied from Amoco Polymers, Inc (Figure 
4.2).  It has a Mw of around 66,900 and an Mn of 18,800.  Dimethyl formamide (DMF) 
was obtained from Aldrich and used as received.  Several concentrations of polysulfone 
(20, 25, and 30 wt.%) were dissolved into the DMF at 60°C for at least 12 hours prior to 
use. 
 
4.3.2. Electrospinning Processing 
 
Polysulfone solutions were spun from a 10-mL syringe with a 23-gauge (diameter 
= 0.35 mm) needle at ambient conditions.  The solution feed rate and electric field were 
held constant at 1.0 mL/hr and 0.9 kV/cm, respectively.  The spinning distance was  
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Figure 4.2.  Chemical structure of polysulfone. 
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varied from 12.5 cm to 20.0 cm to study the effect of this processing variable.  Fiber mats 
were spun at times ranging from 3 to 6 hours since changes in the processing variables 
changed the amount of time it took to collect a substantial thickness of a fiber mat.  A 
PIXERA 1.2 million pixel digital camera with a microscope attachment was used to 
monitor the process in real time.  For easy removal of the electrospun mat from the 
grounded plate, a release cloth was placed over the grounded plate and the mat was 
peeled from the cloth. 
 
4.3.3. Viscosity Measurements 
 
 A Brookfield digital viscometer (Model HBTD) with spindle #21 was used to 
measure the viscosity of each solution.  A sample volume of 8-mL was placed into the 
cup.  A rotation speed of 100 RPM was used for the 20 wt% and 25 wt% solutions and 20 
RPM for the 30 wt% solution.  The reading from the viscometer was taken when it was 
stabilized for at least one minute. 
 
4.3.4. Morphological Studies 
 
 An AMRAY 1830 Scanning Electron Microscope (SEM) with an acceleration 
voltage of 20 kV was used to characterize the morphology of the electrospun mats.  Each 
specimen was sputtered with gold to provide conductivity in the SEM.  Several SEM 
images were taken from at least four points on each sample.  The shape of the fiber 
(continuous, beaded, etc.), fiber diameter, and distribution of fiber diameters were the 
primary pieces of information we were looking to obtain from the SEM.  Fiber diameter 
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distribution plots were generated by counting each fiber diameter on six SEM images to 
obtain a count of at least 300 fibers.   
 
 
4.4. Results and Discussion 
 
 It has been well documented in literature that changes in the electrospinning 
processing variables can greatly influence the morphology of the electrospun fiber mat 
[83].  In this chapter, the concentration and spinning distance were changed to study their 
influence on the morphology of electrospun polysulfone fiber mats.  The following 
sections will discuss these findings in detail.  In addition to morphology, some qualitative 
observations about the Taylor cone stability during the electrostatic processing of 
polysulfone will be discussed. 
 
4.4.1. Taylor Cone Stability 
 
 A few interesting observations about the Taylor cone were made during the 
electrospinning of polysulfone.  The electrospinning process works by using an electric 
field to overcome surface tension forces from a droplet of polymer solution at the end of 
a capillary tube.  A cone is produced at the end of the capillary tube when the 
electrostatic forces exceed the surface tension forces.  This cone angle and length is 
dependent upon the electric field during processing.  There usually exists a range of 
electric potential voltages and spinning distances that result in a stable cone, although this 
range is broader for some materials than others.  Polysulfone has a relatively low range 
compared to other materials like PEO.   
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Figure 4.3 shows the Taylor cone at different electric fields.  A stable Taylor cone 
is defined as a cone that does not undergo drastic changes during processing.  When the 
electric field is too low, the solution is supplied to the capillary tube too quickly for the 
electric field to maintain a stable jet (Figure 4.3a).  When the electric field is too high, the 
solution is pulled too quickly towards the grounded plate for a cone to be maintained for 
long periods of time (Figure 4.3c).  In both cases, the jet starts and stops many times 
during processing, which strongly impacts the morphology of the electrospun mat by 
leading to beading and fibers with varying diameters along the axis.  Therefore, it is 
important to find processing conditions at which the cone is stable through the duration of 
processing. 
 During the electrospinning process, electrostatic charge builds up on the grounded 
substrate over time.  Charge increases due to the accumulation of a substantial thickness 
of polymer mat on the substrate.  The nonconductive polymer layer does not provide a 
path for the charge to exit the process.  Therefore, as time increases and the mat becomes 
thicker, the charge on the mat increases.  Figure 4.4 shows images taken at different times 
during the electrospinning process.  The increase in charge on the fiber mat actually 
decreases the overall electric field in the process.  The decreased electric field causes the 
Taylor cone length to grow until it becomes unstable.  This problem can be circumvented 
by adjusting the electric field during processing. 
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(a) 
(b) 
 
(c) 
 
Figure 4.3.  The electric field strongly affects the stability, angle, and length of the Taylor 
cone.   This figure shows the Taylor cone when the voltage is (a) too low to balance flow, 
(b) perfectly balanced, and (c) too high to balance flow rate. 
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Figure 4.4. Images of the Taylor cone taken at (a) t=0 hr, (b) t=1 hr, (c) t=2 hr, and  
(d) t=3hr.  The charge buildup eventually causes the cone to become unstable.  
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4.4.2. Morphology Studies 
 
 Many factors can influence the morphology of electrospun fibers.  Most factors 
involve the electrospinning processing variables, like spinning distance, solution 
concentration, solution flow to syringe, electric field, and solvent.  The two most 
influential processing parameters for the case of polysulfone are the solution 
concentration and spinning distance.  In the following section, the effect of these 
variables on fiber morphology will be characterized with respect to the average fiber 
diameter and the fiber diameter distribution.  Furthermore, an equation will be developed 
to predict the fiber diameter for a particular concentration. 
 
4.4.2.1. Solution Concentration Effects 
 The concentration of polysulfone in DMF has a significant impact on the viscosity 
of the polymer solution.  Figure 4.5 shows the exponential relationship between solution 
concentration and viscosity.  At 20 wt.% polysulfone, the viscosity is only 630 cP.  An 
increase to 30 wt.% polysulfone yields a solution viscosity of 10,560 cP.  As will be seen, 
the solution concentration/viscosity has a substantial effect on the morphology of the 
electrospun fibers.  In addition to morphology, it was observed that high viscosity 
solutions yielded a more stable process. 
The concentration of polysulfone in DMF was varied from 20 to 30 wt% for two 
spinning distances.  Figure 4.6 shows the SEM images taken from all six processing 
conditions in this work.  Comparison of the micrographs shows a significant impact on 
the morphology of the fibers when the solution concentration is changed.  For a spinning 
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Figure 4.5.  Solution viscosity increases exponentially as polysulfone concentration in 
DMF increases. 
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distance of 20.0 cm, the average fiber diameter ranges from 400 nm to 1.91 µm, whereas 
it ranges from 610 nm to 2.49 µm for a spinning distance of 12.5 cm. 
Another considerable difference when changing the concentration is the 
broadness of the fiber diameter distribution plot.  Figure 4.7 shows how the fiber 
diameter distribution becomes broader for a both spinning distances.  At 20 wt%, most of 
the fibers are within 100 nanometers of the average.  However when the solution 
concentration is 30 wt%, the fiber sizes become spread out over a 6 micron range.   
 
4.4.2.2. Spinning Distance Effects 
 Increasing the spinning distance in the electrospinning process allows more time 
for the fiber size reduction before landing on the substrate.  Due to the greater distance, 
the whipping instability region increases and allows for more pulling of the fibers.  This 
explains why for every solution concentration, the average fiber diameter is considerably 
smaller for longer spinning distances.  The most drastic decrease in fiber diameter is 
exhibited by the 25 wt. % solution, where the average diameter decreases over 50 %, 
from 1,020 nm to 470 nm.  Although smaller fiber diameters are achieved for increased 
spinning distance, the Taylor cone becomes more unstable and creates a stopping and 
starting effect on the process.   This is a plausible explanation for the increased number of 
beads in the fiber morphology when the spinning distance is increased, as seen in Figure 
4.6.  Another effect of increasing spinning distance is a narrowing of the fiber diameter 
distribution.  Figure 4.7 shows this effect for all solution concentrations.   
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Spinning Distance = 20.0 cm Spinning Distance = 12.5 cm 
0.40 µm ± 0.06 0.61 µm ± 0.07 
0.47 µm ± 0.11 1.02 µm ± 0.15 
1.91 µm ± 0.20 2.49 µm ± 0.26 
(a) 
(b) 
(c) 
(d) 
(e) 
(f) 
 
 
Figure 4.6.  SEM images for a spinning distance of 20.0 cm (a-c) at concentrations of (a) 
20 wt%, (b) 25 wt%, (c)  30 wt% and 12.5 cm (d-f) at concentrations of (d) 20 wt%, (e) 
25 wt%, and (f) 30 wt%. 
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(a) 
(b) 
(c) 
(d) 
(e) 
(f) 
 
 
Figure 4.7.  Fiber diameter distribution plots for a spinning distance of 20.0 cm (a-c) at 
concentrations of (a) 20 wt%, (b) 25 wt%, (c)  30 wt% and 12.5 cm (d-f) at 
concentrations of (d) 20 wt%, (e) 25 wt%, and (f) 30 wt%. 
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4.4.2.3. Predictive Modeling 
 The relationship between the average fiber diameter and concentration is 
exponential, as seen in Figure 4.8.  As discussed in the previous subsection, the fibers are 
smaller when the spinning distance is increased.  Since all of the processing conditions 
yielded fibers with diameters greater than 100 nm, it is of interest to see at what 
processing conditions this constraint might be met.  Based on the fitted curves in Figure 
4.8, at a spinning distance of 12.5 cm, a solution of 7.6 wt. % is necessary to achieve 
fibers with an average diameter of 100 nm.  For a spinning distance of 20.0 cm, a 12.9 
wt. % solution is need for 100 nm fibers.  Also, from the equations in Figure 4.8, it is 
predicted that the smallest fibers that can be achieved at 12.5 cm is 34 nm and at 20.0 cm 
is 12.7 nm. 
 
4.4.2.4.  Smaller Fibers 
 Of the electrospinning processing variables, it was found that solution 
concentration/viscosity had the most significant impact on fiber diameter.  In order to 
truly be considered nanoscale, these fibers must average less than 100 nm in diameter.  
We electrospun polysulfone from a 15 wt.% solution at a spinning distance of 15 cm with 
a salt additive (dodecyl tetramethyl ammonium bromide).  The salt additive serves the 
purpose of stabilizing the process to reduce beading.  Figure 4.9 shows some micrographs 
for the electrospun fibers at these conditions.  In some instances, we were able to 
electrospin fiber diameters below 50 nm.  However, lower magnifications show the 
overwhelming presence of beads. This emphasizes the trends we observed in the previous 
sections.  The spinning of small nanofibers usually results in the formation of beads. 
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Figure 4.8.  A plot of the diameter vs. concentration for two spinning distances. 
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Figure 4.9.  SEM micrographs at (left) 80,000 magnification and (right) 2,500 
magnification for fibers electrospun from 15 wt.% solution, 15 cm spinning distance, and 
salt additive.  
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4.5. Chapter Summary 
 
A summary of the morphology data is given in Table 4.1. In this chapter, we 
showed the ability to control electrospun fiber diameter by changing solution 
concentration/viscosity and spinning distance.  The average diameter of the fibers ranges 
from 50 nm to 2,500 nm.  These results demonstrate the versatility of the electrospinning 
process.  Furthermore, we now have the ability to control the second phase morphology 
in the composite toughening interlayer.  
 
Table 4.1.  Summary of all morphology data for the samples tested in this work.  The 
electric field was held constant at 0.9 kV/cm and the solution flow rate was 1.0 mL/hr.   
 
Polysulfone  
Conc. (wt%) 
Brookfield 
Viscosity (cP) 
Spinning 
Distance (cm) 
Average Fiber 
Diameter (µm) 
 
20 
 
 
632 
 
20.0 
 
0.40 ± 0.06 
25 3,270 20.0 0.47 ± 0.11 
20 632 12.5 0.61 ± 0.07 
25 3,270 12.5 1.02 ± 0.15 
30 10,560 20.0 1.91 ± 0.20 
30 10,560 12.5 2.49 ± 0.26 
 
   
 As was shown in Chapter 3, the interaction of the polysulfone electrospun fiber-
VE matrix interface is poor due to the swelling of the fibers and subsequent withdrawal 
of styrene from the fibers.  Voids form around the electrospun fibers that are detrimental 
to composite properties like interlaminar strength and modulus.   In Chapter 2, the same 
  
 146
phenomenon was observed for a non-reactive second phase rubber.  We were able to 
eliminate the voids by using a reactive rubber modifier.  The reactive nature of the second 
phase limited the driving force for styrene withdrawal from the rubber particles.   
 We will apply the principles found to eliminate voids in the rubber modified vinyl 
esters studied in Chapter 2.  In order to accomplish this feat, we must add reactive 
functional groups to the surface of the polysulfone electrospun fibers.  A two step method 
that involves plasma radiation and silane grafting is required to achieve fiber reactivity.  
The focus of Chapter 5 is the process of plasma radiation and its effects on polymer 
surface modification and breakdown.  Chapter 6 addresses the utilization of plasma 
surface modification to attach vinyl functional groups to the surface of the electrospun 
fibers through silane grafting. 
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CHAPTER 5: PLASMA TREATMENT 
 
5.1. Introduction 
 
 The work presented in Chapters 2 and 3 revealed that the interfacial behavior 
between VE and organic fillers is a complicated issue.  In these systems, styrene diffuses 
across phase boundaries from the matrix into the modifier, later resulting in reduced 
polymer and composite properties through void formation.  Chapter 2 showed that when 
the rubber modifier was reactive with a VE matrix, styrene withdrawal from this phase 
was impeded and void formation was suppressed.  Therefore, the need for fiber reactivity 
with the matrix is crucial for use of toughening interlayers in these systems. 
 Plasma treatments have been well documented to yield chemically-functional 
groups on the surface of various polymers [66].  In this chapter, we use plasma treatment 
as a means of incorporating oxygen-functional groups to the surface of PSU electrospun 
fibers.  Ultimately, these fibers will undergo silane treatment to improve the interface 
between VE and the PSU fibers (Chapter 6).  Therefore, we want to develop control over 
the type of oxygen moieties that are added and the overall PSU oxidation level.  We also 
desire the ability to modify PSU at atmospheric conditions without significant polymer 
degradation. 
In this chapter, we first investigated different plasma mediums and exposure times 
under ideal, low pressure (60 mTorr) conditions to ascertain the most effective plasma for 
affixing oxygen moieties to PSU fibers.  The plasma gases chosen for modification 
include inert Ar, reactive O2, and binary Ar-O2.  These plasmas were chosen to determine 
the influence of inert and reactive plasma on the degradation of the PSU structure and the 
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composition of the oxygen moieties incorporated into the backbone.  The second focus of 
this work was to compare the modification effects of atmospheric dielectric barrier 
discharge (DBD) plasma to low pressure plasma.  O2 plasma was chosen since it was 
found to be most effective for chemical modification at low pressure.  We characterized 
the effect of DBD plasma exposure on the chemical modification of PSU fibers.  
Additionally, we related the effects of plasma exposure on the molecular weight and glass 
transition temperature (Tg) of the PSU fibers. 
 
5.2. Background 
 
Many high radiation energy sources have been used to alter surface properties of 
polymeric materials.  Some of these sources include electron beam, ultra-violet (UV) 
light, and plasma.  In this work, we have chosen plasma as the radiation source to modify 
polysulfone electrospun fibers.  Plasmas are ionized gases that consist of positive and 
negative ions along with electrons.  In most cases, the plasma medium comprises of gases 
that do not polymerize.  Common gases for plasma mediums are O2, N2, NH3, and inert 
gases [Ar, He].  Much of the work with plasmas has involved the irradiation of non-polar 
polyolefins (PE, PS, PP, fluoropolymers, etc.) as a means of inducing polar groups at the 
surface in order to enhance properties such as printability, wettability, adhesion with 
other materials or biological components, polymer compatibility, or further chemical 
modification [66].  
When a polymer is exposed to plasma, chemical and physical modifications can 
occur at the surface which produces reactive sites.  These changes can be classified into 
three categories: surface reactions, plasma polymerization, and etching.  In surface 
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reactions, gas-phase species and surface species result in the incorporation of functional 
groups by sputtering of atoms, displacements of atoms within a polymeric chain, and 
scissioning of structures. In addition to these reactions, surface species can react with 
each other to yield crosslinking [108].  Another plasma-induced modification is plasma 
polymerization.  In these systems, the formation of a thin film on a polymer surface 
occurs via polymerization of an organic monomer contained in the plasma. Etching is the 
third type of modification to a polymer.  In this mechanism, materials are removed from a 
polymer surface by physical etching and chemical reactions at the surface to form volatile 
products.   
The desired modification in this work is chemical group formation on the polymer 
surface.  In this mechanism, surface radicals are generated by the bombardment of 
ionized species in the plasma.  These surface radicals can then react with the active 
plasma species to form different chemically active functional groups.  Oxygen and 
nitrogen plasma exposures generally result in hydrophilic polymer surfaces through the 
incorporation of polar groups such as carbonyl, carboxyl, hydroxyl, and amino groups 
[66]. In some instances, plasmas can directly be used for grafting.  In these cases, a 
polymer is activated in an inert gas (argon or helium) and subsequently exposed to 
unsaturated monomers, resulting in a polymer layer on the activated surface.[e.g., 2-
hydroxyethyl methacrylate onto a variety of textile fibers [109], acrylamide and glycidyl 
methacrylate onto Kevlar [110], acrylic acid onto PES [111], acrylamide onto silk [112]] 
In addition to use as a toughening agent, polysulfone is widely used in production 
of ultrafiltration membranes.  Polysulfone, as most polymers, is relatively hydrophobic.  
In many instances, the improved wettability of these membranes with water-based 
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systems is required for a particular application.  Early work in this area relied upon 
modification of the membranes using UV initiated grafting [113,114,115].  More recently, 
plasma modification has been used to attach hydrophilic moieties to the surface of these 
membranes to improve wettability [116,117].  Gancarz et. al has studied the behavior of 
polysulfone membranes under plasma exposure in various mediums.  They have studied 
the effects of CO2 [117], acrylic acid [118], N2 [119], NH3 [120], and amine-based 
plasmas [121] on the surface modification of polysulfone.  In all cases, the chemical and 
topographical modification of the polymer surface was found to be strongly influenced by 
the type of feed gas and parameters employed.  Gancarz et. al attached several types of 
nitrogen and oxygen moieties to the surface of the fibers.  In all cases, the membranes 
become much more hydrophilic and had improved permeability.   
Gancarz et. al pointed out five steps that take place during plasma treatment: 
• polymer surface bombardment by species in the plasma to create free-radical sites 
• chain cleavage with loss of the primary volatile species from the polymer 
• further gas-phase reactions of the primary volatiles products in the plasma 
• reaction of the free radical sites of the primary volatile productions in the plasma 
• reaction of the free radicals with oxygen and nitrogen (after exposure to air). 
They sited these several steps as the basis for the presence of several types of oxygen and 
nitrogen groups attached to the surface.  It was also stated that most of these 
modifications were not stable and disappeared after 48 hours.  In general, plasma 
modification is not stable for long periods of time.  Therefore, researchers have moved to 
grafting monomers to the surface to stabilize modification [111]. 
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 The bonds that are broken on the polysulfone structure are also dependent upon 
the plasma medium.  Gancarz et al. compares the mechanism of plasma treatment to 
radical photooxidation for CO2 plasma.  During photodegradation, every bond on the 
surface is broken with exception of the aromatic C–C and C–H bonds.  Wavhal et. al 
studied the effects of argon plasma on the modification of polyethersulfone [111].  In this 
inert plasma, the sulfone bonds and aromatic rings are the most susceptible to degradation 
by the plasma radiation.  Thus, the bonds broken during plasma exposure are highly 
dependent on the medium. 
  
5.3. Experimental 
 
5.3.1. Low Pressure RF Plasma Apparatus 
 
Low pressure radiofrequency (rf) plasma was used to examine the effects of 
plasma medium on the chemical changes of the PSU fiber surface.  Electrospun PSU 
samples were placed on a flat (10" x 10") horizontally positioned Al plate coaxially 
connected to a 13.56 MHz power supply (Advanced Energy RFX600A power supply 
through an impedance matching tuner/controller). The Al rf electrode plate was supported 
by an insulating plate on the bottom and bare metal on top and was situated in the middle 
of a cryo-pumped vacuum chamber. Before processing, the chamber and samples were 
pumped to a background pressure of < 10-6 torr for > 24 hrs. The plasmas utilized were 
for 45 W rf power [< 2 W reflected power] delivered to the 10" x 10" electrode with a 
background gas of either: a) 20 mTorr O2 plus 40 mTorr Ar gas, or b) 60 mTorr Ar and 
O2. For both treatments, the 5 cm x 7.5 cm electrospun polysulfone sample patches were 
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sequentially uncovered by a movable overlying Mylar® sheet, two at a time, at times of 
6.0 min, 1.5 min., and 0.5 min thereby directly exposing sample pairs to rf plasma for 
total exposure times of 8.0 min, 2.0 min, and 0.5 min. The samples were vented to 
atmospheric pressure with N2 gas following treatments for XPS analysis. 
 
5.3.2. Atmospheric Plasma Apparatus 
 
 A separate plasma apparatus was used to investigate the effects of prolonged 
atmospheric plasma exposure on polymer properties and chemical modification.  
Atmospheric plasmas are not nearly as well studied as low pressure plasma.  Denes and 
Manolache summarized the general characteristics of both low pressure and atmospheric 
plasma, given in Table 5.1 [122].  
The PSU electrospun mats were irradiated in a dielectric barrier discharge (DBD) 
plasma configuration at atmospheric pressure.  Details of this plasma apparatus are 
described elsewhere [123,124] and in the Appendix. The distance between the electrodes 
was 3 mm and the power output during plasma treatment was approximately 1 W/cm2.  
Oxygen was supplied to the radiation zone at a flow rate 1 liter/minute.  The electrospun 
mats were irradiated at times of 0.5 seconds, 2.0 minutes, and 8.0 minutes. 
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Table 5.1.  A comparison of the general characteristics of atmospheric DBD and low 
pressure RF discharge (taken from Denes and Manolache [122]) 
 
 
Characteristics Atmospheric DBD 
discharge 
Low Pressure  
RF discharge 
Duration 1 – 10 ns Continuous 
Filament radius 0.1 mm - 
Peak current 0.1 A - 
Current density 100 – 1000 A/cm2 - 
Pressure range 1 atm 10 – 1000 mTorr 
Total charge 01 – 1 nc - 
Electron density 1014 – 1015 cm-3 109 – 1010 cm-3
Electron energy 1 – 10 eV 0.5 – 20 eV 
Gas temperature Close to ambient Close to ambient 
Driving-field Frequency 10 kHz – 10 MHz 40 kHz – 100 Mhz 
Operational Mode Open or closed Closed 
Plasma Sheath Potential - Around 20 V 
 
 
 
5.3.3. X-ray Photoelectron Spectroscopy (XPS) 
 
A Kratos Ultra X-ray photoelectron spectroscopy (XPS) system, equipped with a 
hemispherical analyzer, was used to characterize the near surface composition of the 
electrospun mats. A 140 W monochromatic Al Kα (1486.7eV) beam irradiated a 1 mm x 
0.5 mm analyzed area. All spectra were taken at a 2 x 10-9 torr base vacuum environment 
or lower.  Survey and elemental high resolution scans for C1s, O1s, N1s, and S2p were 
taken at a pass energy of 80 eV and 20 eV, respectively.  The photoemission spectra 
allow quantitative (surface concentrations) and qualitative (functional group 
identification) information to be obtained.  A hybrid electrostatic and magnetic lens 
column with an integral coaxial charge neutralizer was employed to maintain uniform 
surface charge for the exact spot under examination.  Kratos’ VISION software was 
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utilized for all data analysis (linear background subtraction, curve fitting, peak integration, 
charge compensation).  
 
 
5.3.4. High Pressure Liquid Chromatography (HPLC) 
 
Size exclusion chromatography (SEC) was run on the plasma treated mats to 
determine its effects on the polysulfone molecular weight.   A Waters 515 GPC was used 
with two 5 mm styrene-divinyl benzene columns in series. The columns were 
equilibrated and run at 45°C using tetrahydrofuran (THF) (Aldrich, Milwaukee, WI) as 
the elution solvent at a flow rate of 0.9 mL/min. The column effluent was monitored by 
two detectors operating at 25°C in a Waters 2410 refractive index detector and a Waters 
2487 dual absorbance detector operating at 270 and 254 nm (absorbed by phenyl rings). 
Samples were prepared by dissolving a 1 mg sample of the mat in 1 mL of THF. Since 
high molecular weight species cannot diffuse into the packing, they elute first from the 
column, while lower molecular weight species elute later [125].  The molecular weight of 
the plasma-treated PSU fibers was estimated based on a calibration curved derived from 
polystyrene standards of different molecular weights. 
 
5.3.5. Differential Scanning Calorimetry (DSC) 
  
In order to evaluate the effects of plasma exposure on polymer properties, a DSC 
was used to determine the glass transition temperature (Tg) of the polysulfone 
electrospun mats.  For each sample, the cell temperature was raised 10 °C/min to a 
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temperature of 250 °C.  The samples were cooled to room temperature at the same rate.  
All reported data was taken from the second ramp (same conditions as first). 
 
5.4. Results and Discussion 
 
The following section is comprised of two parts.  The first section characterizes 
the effects of plasma treatment conditions on the chemical modification of PSU 
electrospun fibers at low pressure conditions.  The most effective plasma found in that 
section was selected to be studied at atmospheric conditions.  In the second section, we 
use atmospheric O2 DBD plasma to affix oxygen groups to PSU fibers.  In addition to 
chemical modification, we evaluate the effects of plasma exposure on polymer properties 
such as Mw and Tg. 
 
5.4.1. Plasma Medium 
  
In this section, we investigate the effects of plasma medium conditions on the 
surface modification of PSU electrospun fibers.  Plasma gases comprising inert Ar, 
reactive O2, and mixed Ar-O2 plasma (40-20 mTorr) were used.  These plasma gases 
were selected to gain insight into how the availability of oxygen during treatment affects 
the quantity of oxygen that reacts into the polymer, the type of oxygen groups that form, 
and which bonds are most susceptible to cleavage.  Additionally, Ar-O2 plasma was 
chosen to ascertain if we could induce a synergistic modification of the polymer.  Since 
Ar and O2 plasma interact differently with a polymer surface, it is possible that more 
bonds can be cleaved, thus creating more reaction sites for oxygen.  Bryjak et al. have 
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shown that the addition of Ar in NH3 plasmas yields a higher level of amine 
incorporation into PSU membranes [120]. 
 
5.4.1.1. Effect on PSU modification 
Table 5.2 gives the chemical composition data for PSU exposed to the various 
low-pressure plasmas for 30 seconds.  The oxygen content of the PSU increases 
significantly for the oxygen-containing plasmas, however, only a minimal increase is 
observed for the inert Ar plasma.  Figure 5.1 shows the O1s spectra for all of the plasma 
systems.  For unmodified PSU, two peaks are present that correspond to the ether (C-O-
C) and sulfone (SO2) bonds.  After plasma exposure, the two peaks merged into one 
broad peak.  A probable explanation for this occurrence is the decrease in ether and 
sulfone bonds and appearance of a third peak in between the original peaks (~ 532.2 eV).  
The new peak corresponds to several different types of carbon-oxygen groups added to 
the PSU backbone.  Another important feature of Figure 5.1 is the formation of one peak 
for the inert Ar plasma without much increase in overall oxygen content, thus indicating a 
change in oxygen bonding on the polymer surface.  Other research groups have cited two 
possible explanations for this occurrence.  First, free radicals exist after plasma treatment 
that react with O2 found in the atmosphere [126,127,128].  Second, oxygen ions removed 
during plasma treatment can recombine with the polymer.  In either case, a fraction of the 
original oxygen bonds contained in the PSU are converted to other types of oxygen bonds, 
such as hydroxyl (C-OH), peroxide (C-O-O-C), carbonyl (C=O), and carboxyl (COOH). 
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Table 5.2.  The atomic concentration data for PSU fibers exposed to 30 seconds of low 
pressure Ar, Ar-O2, and O2 plasma.  Additionally, the theoretical atomic concentrations 
(calculated from molecular structure) are compared to unmodified PSU electrospun fibers. 
 
 
 Atomic Conc. (mol %) 
 C O S 
    
Theoretically calculated 84.38 12.50 3.12 
Unmodified 84.16 13.80 2.04 
Ar Plasma 84.35 14.10 1.55 
Ar-O2 plasma 74.18 24.45 1.37 
O2 plasma 66.42 31.20 3.08 
 
 
 
 
In addition to affecting the extent of surface modification, the plasma medium can 
also influence the types of bonds formed.  Figure 5.2 compares the effects of plasma 
medium on the S2p spectra.  For Ar plasma, a peak appears at 162.5 eV that indicates the 
presence of sulfide bonds (-S-C-).  This peak is not present for the oxygen-containing 
plasmas.  During exposure to Ar plasma, the sulfur-oxygen bonds are broken.  Since 
there is no oxygen in the plasma, the sulfur reacts with sputtered carbon ions to form 
sulfide bonds.  When oxygen is present in the plasma, there are enough ionized oxygen 
species to react with any cleaved sulfone bonds to maintain the sulfur-oxygen bonding.  
The formation of sulfide bonds for Ar plasma has also been observed elsewhere [111].  
Another trend observed in Figure 5.2 and Figure 5.2 is the increase in sulfur content for 
the O2 plasma.  The atomic sulfur concentration calculated by the molecular structure of 
polysulfone is 3.12 %.  With the exception of the O2 plasma-treated PSU, the sulfur 
content is lower than what is expected for the remaining samples.  It is possible that the 
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Figure 5.1.  XPS plot of the O1s spectra comparing inert and reactive plasma mediums to 
unmodified polysulfone fibers.  The formation of additional carbon-oxygen bonds (with 
combined binding energies at 532.2 eV) creates the mergence of the ether and sulfone 
peaks into one broad peak. 
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Figure 5.2.  XPS plot of the S2p orbital comparing inert and reactive plasmas to 
unmodified PSU.  For the Ar plasma, the lack of reactive oxygen during plasma exposure 
leads to the formation of sulfide (-S-C-) bonds.  When Ar is present in the plasma, the 
sulfone bond (-SO2-) is susceptible to cleavage.  For the O2 plasma, the sulfone bond 
does not appear to be a point of attack for the plasma. 
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surface of the fibers is covered with a thin layer of organic matter.  The O2 plasma may 
be effective in etching/cleaning the fiber surface during exposure.  Since the sulfur 
content increases to approximately the theoretical value, it is likely that the O2 plasma 
does not affect the sulfone bonds. 
 The C1s spectra can be resolved to yield several peaks corresponding to different 
carbon-oxygen bonds.  Figure 5.3 shows a resolved C1s plot for unmodified PSU.  The 
spectra gives peaks at 284.5 eV for the carbon-carbon bond, 285.0 eV for the sulfur-
carbon bond, 285.8 eV for the ether bond, and 291.3 eV for the π-π* shake-up satellite 
peak (from aromatic groups in the PSU backbone).  Table 5.3 gives the percentage 
(area %) of each type of bond resolved in the C1s spectra for the various plasma 
treatments.   
Figure 5.4 shows the effects of 30 seconds of Ar plasma exposure on the C1s 
spectra.  Although the data in Table 5.2 show a minimal change in elemental composition 
for Ar plasma, the resolved C1s, O1s, and S2p spectra shows changes in several peaks.  A 
reduction in the π-π* shake-up satellite indicates a reduction of the aromatic groups that is 
attributed to hydrogen extraction from the phenyl ring, thus resulting in the disruption of 
the aromaticy and subsequent graphitization [111,129]. The ether bond is also cleaved, 
shown by a peak area reduction from 12.80 % to 3.85 %.  Although the O1s and S2p 
showed a reduction of sulfone bonds, the sulfur-carbon bonding appears to be unaffected 
in the C1s spectra.  The breadth of the peak in the O1s spectra suggests a multitude of 
different carbon-oxygen bonding.  Therefore, we resolved several peaks corresponding to 
newly introduced carbon-oxygen moieties, including hydroxyl, peroxide, carbonyl, and 
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Figure 5.3.  XPS plot of the C1s orbital showing the resolved peaks corresponding to the 
bonds in an unmodified polysulfone sample. 
 
  
 162
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4.  XPS plot of the C1s orbital showing the various carbon-oxygen bonding 
induced by low-pressure Ar plasma for 30 seconds.  The Ar ion bombardment breaks the 
aromatic double bonds, ether bonds, and sulfone bonds; adding hydroxyl, peroxide, 
carbonyl, and carboxylic groups.   
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Table 5.3.  The binding energies and fitted peak area for each type of bond resolved in 
the C1s spectra.  Samples exposed to 30 seconds of low pressure Ar, Ar-O2, and O2 
plasma are compared to unmodified PSU fibers.  The π-π* shake-up satellite peak is not 
included in the calculations. 
 
 
 Fitted Peak Area (%) 
Bond Type 
Binding  
Energy (eV) None Ar  Ar-O2  O2
      
C-C 284.5 75.87 67.96 66.07 53.99 
C-S 285.0 11.33 12.82 12.33 11.64 
C-O-C 285.8 12.80 3.85 3.82 0.00 
C-OH 286.0  8.38 7.01 10.33 
C-O-O-C 286.7  2.03 3.69 7.56 
C=O 287.2  3.58 3.50 3.27 
COOH 288.9  1.38 3.58 13.21 
π-π* 291.3     
 
 
 
 
carboxyl groups.  Their respective concentrations in the C1s spectra are 8.05, 1.95, 3.44, 
and 1.33 mol %.  Therefore, hydroxyl groups appear to be the most abundant when there 
is a lack of oxygen in the plasma. 
When oxygen is added to the plasma, an additional degradation mechanism is 
introduced into system.  PSU is sensitive to UV light and undergoes photo-oxidative 
degradation in the presence of oxygen [130,131,132,133].  Gesner and Kelleher proposed 
that the bonds shown in Figure 5.5 were most susceptible to photo-oxidative degradation 
[133].  The C1s spectra for 30 seconds of Ar-O2 plasma exposure is given in Figure 5.6.  
There are noticeable differences between this plasma and the Ar plasma.  The overall 
carbon content reduces from 84.16 to 74.18 atomic % and the oxygen content increases 
from 13.80 to 24.45 atomic % (Table 5.2).  The decrease in carbon can be attributed to 
cleavage of the bonds around the non-aromatic carbons due to photo-oxidation.  The Ar 
also takes place in the modification by abstracting the hydrogen from the phenyl rings 
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and the oxygen from the sulfone, shown be complete elimination of the π-π* shake-up 
satellite peak (Figure 5.6) and reduction of the sulfone peak in the S2p spectra (Figure 5.2), 
respectively.   
The oxidation level of the moieties can also change when oxygen is present in the 
plasma. Poncin et al. characterized this effect in plasma processes [131].  When a 
polymer is initially oxidized by plasma, more lowly oxidized groups such as hydroxyl, 
peroxide, and carbonyl are the most prevalent.  These groups can further react with 
oxygen ions to form more highly oxidized species like esters and carboxyl groups.  
Figure 5.6 illustrates that the presence of oxygen in the plasma can yield more highly 
oxidized species.  For the Ar plasma (Figure 5.4), the majority of oxygen moieties were 
hydroxyl groups.  An increase in more highly oxidized species occurs when adding 
oxygen to the plasma, as shown by an increase in carboxyl content from 1.38 to 3.58 
mol %.    
Figure 5.7 shows the C1s spectra for PSU fibers treated with 30 seconds of O2 
plasma.  The carbon content decreases from 84.16 to 66.42 atomic % while the oxygen 
content increases from 13.80 to 31.20 atomic %.  Therefore, photo-oxidation is both more 
degradative than Ar ion bombardment and more effective for oxygen incorporation into 
the polymer structure.  Since the π-π* shake up satellite is only slightly reduced, almost 
all of the carbon loss can be attributed to cleaved non-aromatic carbons.  Additionally, 
the ether bonds on the PSU surface are completely reduced.  Unlike Ar-containing 
plasmas, the sulfone bond remains in tact and actually increases in concentration, likely 
due to an etching/cleaning effect of the O2 plasma.   
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Figure 5.5.  PSU structure showing the bonds that are most susceptible to photo-oxidative 
degradation during plasma exposure [133]. 
 
 
 
 
 
 
 
Figure 5.6.  XPS plot of the C1s orbital showing the various carbon-oxygen bonding 
induced by low pressure Ar-O2 plasma for 30 seconds.  The aromatic rings are 
completely eliminated on the surface shown be complete reduction of the π-π* shake-up 
satellite peak.  More highly oxidized structures (carboxyl) are affixed to the surface when 
compared to the inert Ar plasma (Figure 5.5).  
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Figure 5.7.  XPS plot of the C1s orbital showing the various carbon-oxygen bonding 
induced by low pressure O2 plasma for 30 seconds.  Since the aromatic rings are not 
significantly affected by the plasma, the majority of the cleaved bonds occur at the non-
aromatic carbon sites due to photo-oxidation.  This plasma generates a significant amount 
of both lowly and highly oxidized moieties, much more compared to Ar (Figure 5.4) and 
Ar-O2 (Figure 5.6) plasmas. 
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In addition to the incorporation of an overall higher amount of oxygen, the 
oxidation state of the moieties is higher for the O2 plasma when compared to the mixed 
plasma.  The carboxyl concentration increases from 1.38 and 3.58 mol% for Ar and Ar-
O2 plasma, respectively, to 13.21 mol % for the O2 plasma.  Additionally, the carboxyl 
peak maximum slightly shifts to higher binding energies, indicating the possibility of 
even more highly oxidized species incorporated in this peak, such as a triether group.  
The abundance of reactive oxygen ions in the plasma allows for full utilization of the 
activated sites and further oxidation of the moieties initially bound to the fiber surface.  In 
the mixed plasma, it is possible that there are more grafting sites due to a synergistic 
degradation of the Ar and O2, however, the concentration of oxygen may not be high 
enough to fully make use of the free radicals in a 30 second time frame. 
 
 
5.4.1.2. Plasma Treatment Time 
 The amount of exposure that a polymer has to plasma can influence both the level 
of oxygen uptake and oxidation state of the moieties.  Table 5.4 gives the atomic 
concentration data for PSU electrospun fibers exposed to Ar, Ar-O2, and O2 low pressure 
plasma for 30 seconds, 2 minutes, and 8 minutes.  Figure 5.8 compares the oxygen uptake 
for the various plasma systems as a function of time.  As seen in Table 5.4 and Figure 5.8, 
very little or no oxygen uptake occurs for the Ar plasma-treated fibers.  The O2 plasma is 
extremely effective in affixing a high concentration of in a short period of time.  At 30 
seconds, the oxygen increases from 13.54 atomic % (no modification) to 31.20 atomic %.  
The oxygen increase is not much higher at 8 minutes (32.07 atomic %), indicating that 
the majority of chemical modification occurs in less than 30 seconds of exposure.  This 
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also suggests that the limit for oxygen uptake in low pressure O2 plasmas is 
approximately 32 atomic %.  Therefore, the need for exposing these fibers to more than 
30 seconds of O2 plasma is unnecessary.   
 
 
 
Table 5.4.  The effect of Ar, Ar-O2, and O2 plasma exposure time on the atomic 
concentration of PSU electrospun fibers. 
 
Ar Plasma Ar-O2 plasma O2 plasma Plasma 
Exposure  
(min) 
 
C 
 
O 
 
S 
 
C 
 
O 
 
S 
 
C 
 
O 
 
S 
0.0 84.50 13.54 1.95 84.50 13.54 1.95 84.50 13.54 1.95 
0.5 84.35 14.10 1.55 74.18 24.45 1.37 66.42 31.20 3.08 
2.0 84.82 13.77 1.41 67.92 30.37 1.65 65.83 31.09 3.08 
8.0 86.20 12.35 1.45 64.26 34.22 1.52 65.12 32.07 2.81 
 
 
Much different behavior is observed for the Ar-O2 plasma.  The trend shows that 
most of the oxygen uptake occurs at lower times (< 2 min) and begins to stabilize.  At 
high exposure times, the oxygen uptake for the mixed plasma exceeds that of the O2 
plasma, thus indicating that the Ar and O2 work in combination to cleave more bonds in 
the PSU structure.  Although there are more reactive species in the O2 plasma, the system 
is limited to the bonds cleaved through photo-oxidation as reaction sites.  For the Ar-O2 
plasma, the sulfone and aromatic carbons are made susceptible to cleavage due to ionic 
bombardment, leading to a greater potential for oxygen uptake.  Oxygen uptake at low 
exposure times is not as effective as the O2 plasma since the mixed plasma system is 
limited by the amount of reactive oxygen ions in the plasma, 
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Figure 5.8.  A plot comparing the effect of plasma exposure on oxygen content for the 
inert and reactive plasmas.  For the inert Ar plasma, the oxygen levels remains roughly 
constant, although the oxygen is converted from ether to hydroxyl and carbonyl groups.  
The O2 plasma reaches saturation in very short times.  The oxygen uptake changes very 
little after 30 seconds.  The mixed Ar-O2 plasma is not as aggressive as the O2 plasma at 
short times.  However, an ability of the Ar and O2 to attack different bonds in the PSU 
structure allows for more oxygen uptake at longer times. 
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 In addition to overall oxygen uptake, plasma treatment time can influence the 
oxidation level of the moieties reacted to the polymer surface.  Table 5.5 gives the 
concentration data of each bond resolved in the C1s spectra as a function of plasma 
medium and treatment time.  Figure 5.9 and Figure 5.10 show the effect of treatment time 
on the normalized C1s spectra for the Ar and Ar-O2 plasma, respectively.  The C1s spectra 
for the O2 plasma is not given since no significant changes occur after 30 seconds of 
exposure.  
Figure 5.9 illustrates a further reduction of surface aromatic groups with 
increasing Ar plasma treatment time, shown by a decrease in the π-π* shake-up satellite 
peak (291.3 eV).  Additionally, the overall broadening of the C1s main peak (284.5 eV) 
suggests a change in the carbon-oxygen bonding.  Figure 5.10 shows the resolved peaks 
that correspond to the different carbon-oxygen bonds.  As treatment time increases, there 
is an increase in ether, peroxide, and carboxyl groups while there are slight reductions in 
 
 
Table 5.5.  Chemical bond information for the various plasma systems as a function of 
time.  The concentrations were calculated by resolving each peak in the C1s spectra. 
 
Plasma Treatment 
Time (min) 
C-C C-S C-O-C C-OH COOC C=O COOH 
         
Ar 0.5 67.96 12.82 3.85 8.38 2.03 3.58 1.38 
 2.0 64.94 12.81 5.33 8.22 1.95 2.73 4.00 
 8.0 60.38 12.41 8.66 7.37 5.09 2.31 3.78 
         
Ar-O2 0.5 54.07 12.33 3.82 7.01 3.69 3.50 3.58 
 2.0 52.33 13.46 5.49 6.57 8.23 2.57 11.35 
 8.0 50.86 12.52 7.65 6.49 6.89 3.91 11.68 
         
O2 0.5 53.99 11.64 0.00 10.33 7.56 3.27 13.21 
 2.0 52.19 12.88 0.00 10.31 6.93 4.32 13.37 
 8.0 48.04 12.03 0.00 10.72 6.85 4.60 15.36 
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Figure 5.9.  XPS plot of the C1s spectra for PSU fibers exposed to inert Ar plasma for 
various times.  As exposure time increases, Ar ion bombardment causes more cleavage of 
the aromatic rings.  The broadening of the peak at 284.5 eV indicates the incorporation of 
more hydroxyl and peroxide groups.  Note that all spectra are normalized by the 
maximum carbon peak at 284.5 eV. 
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Figure 5.10.  XPS plot of the C1s spectra for PSU fibers exposed to reactive Ar-O2 plasma 
for various times.  Even at relatively low exposure (30 seconds), aromatic rings 
completely disappear.  As time increases, the peak at 284.5 eV becomes broader, 
indicating increased hydroxyl, peroxide, and carbonyl groups.  Additionally, a peak at 
288.8 eV representing the more oxidized carboxylic group becomes more prominent with 
increased exposure.  Note that all spectra are normalized by the maximum carbon peak at 
284.5 eV. 
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hydroxyl and carbonyl groups.  A possible explanation for the increase in peroxide and 
carboxyl groups is the oxidation of hydroxyl and carbonyl groups that have already 
reacted onto the fiber surface.  If this is the case, then we can assume that the source of 
ionized oxygen to accomplish further oxidation comes from sputtered oxygen species of 
the polymer.  We established in the previous section that Ar plasma removes oxygen 
from the sulfone group in addition to attacking the ether bond.  If given time, these 
sputtered ions will react with the polymer, other sputtered oxygen species, or oxygen 
groups that have already reacted on the PSU surface.  This explains why there are a 
multitude of new carbon-oxygen bonds without an increase in overall oxygen content.  
This also clarifies why there is an increase in ether bonds with prolonged plasma 
treatment.  Sputter oxygen species can react back into the polymer in the form of ether 
bonds.   
 With respect to prolonged plasma exposure, Figure 5.10 and Table 5.5 exhibit 
similar trends for the Ar-O2 plasma that were seen exhibited by Ar plasma.  The π-π* 
shake-up satellite peak is completely reduced along with the broadening of the main peak 
at 284.5 eV.  Also, the ether bonds are initially broken and reform as treatment time 
increases.  The primary difference between the Ar-O2 and Ar plasma is the formation of a 
prominent peak at 288.9 eV that represents an increasing concentration of carboxyl bonds.  
In contrast to the Ar plasma, ionized oxygen species contained in the Ar-O2 plasma are 
much more effective in oxidizing the initial carbon-oxygen bonds formed on the polymer 
surface.  Additionally, the overall oxygen uptake increases by the transfer of oxygen from 
the plasma into the polymer. Another observation in Figure 5.10 is the reemergence of a 
peak near the π-π* shake-up satellite peak at longer treatment times.  It is unlikely that the 
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double bonds reformed.  It is more probable that the formation of more highly oxidized 
moieties occurred.   
The abundance of oxygen in the O2 plasma allows for rapid modification of the 
PSU fiber surface.  
Table 5.5 shows that plasma treatment time has a minimal effect on the types of 
bonds affixed to the surface.  Unlike Ar and Ar-O2 plasmas, the ether bonds are 
completely converted to other types of carbon-oxygen bonds and do not reform.  
Additionally, the oxidation level of the moieties is much higher. 
 
5.4.2. Atmospheric DBD plasma 
 
 As found in the previous section, photo-oxidation is the most effective bond-
cleaving mechanism, thus allowing an efficient incorporation of oxygen onto the PSU 
fiber surface.  Therefore, we selected O2 plasma as the medium for the atmospheric DBD 
apparatus.  In general, atmospheric plasma systems lose kinetic energy when compared to 
low pressure systems due to increased ion collisions in the gas and shorter mean free path 
distances.  It is possible that by selecting the most effective low-pressure plasma, 
limitations induced by high pressure can be overcome to obtain adequate modification of 
the PSU fibers.  Although an Ar-O2 plasma yielded the highest level of modification, 
long times were required to do so (8 minutes). In this section, we present the effects of 
exposing PSU fibers to atmospheric O2 DBD plasma.   Comparisons will be made 
between atmospheric and low pressure O2 plasma with respect to the chemical 
modification and the effect on polymer molecular weight and properties.   
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5.4.2.1. Surface Modification 
 Table 5.6 gives atomic concentration data for PSU fibers treated at low (60 
mTorr) and high (760 Torr) pressures for several treatment times.  Figure 5.11 compares 
the oxygen uptake of these two plasmas as a function of time.  As was observed in the 
previous section, the low pressure O2 plasma is very effective in adding oxygen 
(increasing from 13.54 to 31.20 atomic % in 30 seconds).  Although not as dramatic, the 
atmospheric plasma incorporates a significant amount of oxygen moieties into the PSU 
structure.  At eight minutes of exposure, the oxygen content of the PSU fibers reaches 
26.24 mol %, which compares favorably to the low pressure plasma (32.07 mol %). 
 
 
Table 5.6.  The effect of low and atmospheric O2 plasma exposure time on the atomic 
concentration of PSU electrospun fibers. 
 
 Low Pressure O2 Plasma  Atmospheric O2 plasma Plasma 
Exposure (min)  C O S  C O S 
0.0  84.50 13.54 1.95  84.50 13.54 1.95 
0.5  66.42 31.20 3.08  78.14 19.60 2.26 
2.0  65.83 31.09 3.08  76.35 21.94 1.71 
8.0  65.12 32.07 2.81  71.7 26.24 2.06 
 
 
As plasma treatment time increases, the change in the oxidation state of the 
moieties changes in a similar manner as for the low pressure plasmas.  Figure 5.12 shows 
the C1s spectra for PSU fibers exposed to 30 seconds, 2 minutes, and 8 minutes of DBD 
O2 plasma.  As with the low pressure O2 plasma, a slight reduction in the π-π* shake-up 
satellite indicates only some of the phenyl rings are attacked during plasma exposure.  
The non-aromatic carbon and ether bonds are the primary points of attack for O2 plasma 
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Figure 5.11.  A comparison of the oxygen uptake for PSU fibers exposed to atmospheric 
and low pressure O2 plasmas. 
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-C-O-C- 
π-π* 
Increasing Time 
-COOH 
 
 
Figure 5.12.  XPS plot of the C1s spectra for PSU fibers exposed to atmospheric O2 
plasma for various times.  The decrease in the ether bond at 286.0 eV indicates this is a 
bond susceptible to cleavage. The slight reduction in the π-π* shake-up satellite (291.3 
eV) signifies some of the phenyl rings are cleaved as well.  As time increases, the peak at 
284.5 eV becomes broader, indicating increased hydroxyl, peroxide, and carbonyl groups.  
Additionally, a peak at 288.8 eV representing the more oxidized carboxylic group 
becomes more prominent with increased exposure.  Note that all spectra are normalized 
by the maximum carbon peak at 284.5 eV. 
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regardless of the processing pressure. The broadening of the C1s main peak with 
increasing treatment time signifies the incorporation of lowly-oxidized oxygen species.  
Also, the carboxyl peak (288.8 eV) becomes more pronounced with increasing plasma 
exposure.    
 The surface modification of the PSU fibers exposed to atmospheric plasma is very 
similar to the low pressure plasma systems.  Table 5.7 gives the area percent of the peaks 
resolved in the XPS spectra.  Figure 5.13 shows an example of the resolved peaks for 
PSU fibers treated for 8 minutes with atmospheric O2 plasma.  The carbon-carbon bond 
molar concentrations are reduced from 75.85 % to 73.41 %, 68.58 %, and 66.12 % for 
treatments of 30 seconds, 2 minutes, and 8 minutes, respectively.  This is far less than the 
low pressure O2 plasma, where the lowest atomic concentration reaches 48.04 % after 8 
minutes of exposure.  The same trend is seen for the ether bond.  The molar concentration 
of these bonds is 2.70 %, 5.56 %, and 4.41 % after 30 seconds, 2 minutes, and 8 minutes 
of treatment.  Low pressure O2 plasma completely eliminates the ether bond and does not 
show the reformation of the bond with increasing treatment time. As expected, increasing 
the processing pressure reduces the efficiency of the plasma to cleave bonds in the 
polymer.   
The chemical modification for the atmospheric O2 plasma is also similar to the 
low pressure plasmas.  The bonds resolved in the C1s spectra include hydroxyl, carbonyl, 
and carboxyl.  The hydroxyl groups comprise the majority of the moieties affixed to the 
fiber surface.  The molar concentration of hydroxyl bonds is 6.57 %, 5.55 %, and 9.50 % 
for 30 seconds, 2 minutes, and 8 minutes of exposure, respectively.  The more highly-
oxidized moieties increase in concentration with increasing exposure, however, the low 
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pressure O2 plasma far exceeds the concentration of these groups.  After 8 minutes of 
DBD O2 plasma treatment, a concentration of 3.34 mol % carboxyl groups was achieved.  
For the low pressure O2 plasma, a carboxyl concentration of 13.21 mol % was reached in 
only 30 seconds.  Although not as efficient, the atmospheric plasma is still effective in 
affixing both lowly- and highly-oxidized oxygen moieties the PSU fiber surface.   
 
 
Table 5.7.  The binding energies and fitted peak areas for each type of bond in the PSU 
backbone after exposure to 30 seconds, 2 minutes, and 8 minutes of atmospheric O2 
plasma.   
 
 
 Fitted Peak Area (%) 
Bond Type 
Binding  
Energy (eV) 0 min 0.5 min 2 min  8 min 
      
      
-C-C- 284.5 75.87 73.41 68.58 66.12 
-C-S- 285.0 11.33 11.99 12.32 12.24 
-C-O-C- 285.8 12.80 2.70 5.56 4.41 
-C-OH 286.0  6.57 5.55 9.50 
-C-O-O-C- 286.7  4.38 4.98 4.39 
-C=O 287.2  0.61 0.27 0.00 
-COOH 288.9  0.25 2.74 3.34 
π-π* 291.3     
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Figure 5.13.  XPS plot of the C1s orbital showing the various carbon-oxygen bonding 
induced by low pressure O2 plasma for 30 seconds.  Since the aromatic rings are not 
significantly affected by the plasma, the majority of the cleaved bonds occur at the non-
aromatic carbon sites due to photo-oxidation.  This plasma generates a significant amount 
of both lowly and highly oxidized moieties, much more compared to Ar (Figure 5) and 
Ar-O2 (Figure 7) plasmas. 
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5.4.2.2. Polymer Properties 
It is well known that polymer chain scission occurs during plasma processing.  
Crosslinking can also result from plasma exposure [66].  In either case, the molecular 
weight can be affected by prolonged plasma exposure.  The electrospun fibers used in 
this work have an average diameter of 1 µm.  Therefore, the surface area is relatively 
high compared to larger fibers or polymeric films.  The penetration depth of plasma has 
been reported to be anywhere from 400 nm [134] to 5 µm [135].  Since the fibers have an 
average diameter of 1 µm, surface modification is not limited by the penetration depth of 
the plasma. 
 Figure 5.14 shows the 254 nm UV detector response for PSU fiber mats exposed 
to 30 seconds, 2 minutes, and 8 minutes of atmospheric O2 plasma.  HPLC elution time is 
inversely proportional to the Mw of a polymer.  Figure 5.14 shows that as plasma 
exposure increases, the HPLC elution time increases as well.  Table 5.8 provides the 
HPLC Mw data as a function of time based upon a polystyrene calibration curve. The Mw 
of this particular grade of PSU is 66,900 g/mol.  After 30 seconds of plasma exposure, 
the Mw decreases to 53,300 g/mol.  Prolonged exposures of 2 minutes and 8 minutes 
further reduce the Mw to 42,400 and 29,500 g/mol, respectively.  Another observation in 
Figure 5.14 is the broadening of the absorbance peaks as plasma exposure increases.  
This indicates that the polydispersity of the PSU is increasing, denoting a less 
homogeneous polymer.  
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Table 5.8.  HPLC and DSC data relating the effect of low pressure and DBD plasma 
exposure on PSU Mw and Tg. 
 
 
 Low Pressure RF plasma 
 
Atmospheric DBD plasma 
Plasma 
Exposure 
(min) 
HPLC  
Elution 
Time (min) 
PSU  
Mw 
(g/mol) 
Tg 
(ºC) 
HPLC  
Elution 
Time (min) 
PSU  
Mw 
(g/mol) 
Tg 
(ºC) 
0.0 12.33 66,900 190.9 12.33 66,900 190.9 
0.08 - - - 12.38 62,500 - 
0.17 - - - 12.40 61,100 - 
0.50 12.44 66,300 190.7 12.50 53,300 187.7 
2.00 12.31 79,600 193.5 12.77 42,400 181.7 
8.00 12.20 91,900 195.6 13.03 29,500 161.2 
  
 
The Tg of the PSU fibers is strongly influenced by the operating pressure of the 
plasma apparatus.  Figure 5.15 shows that as exposure to atmospheric DBD plasma 
increases, the Tg of the PSU decreases.  At 8 minutes of exposure, the Tg has been 
reduced from 190.9ºC to 161.2ºC.  At low pressure, however, the Tg slightly increases to 
195.6ºC after 8 minutes of exposure.  A possible explanation for this phenomenon is 
ozone generation during processing.  In DBD plasma, the concentration of ozone is 
significantly higher than at low pressures.  Ozone affects bulk polymer properties, while 
plasma only affects surface properties [136].  Therefore, ozone has a greater potential for 
bulk polymer degradation than plasma. Also, UV and VUV exist in both low pressure 
and atmospheric pressure [137].  A synergistic degradation may occur between ozone and 
UV that leads to further polymer degradation and decreased Mw.  The increase in Tg for 
the low pressure plasma is not surprising, where plasma-induced crosslinking has been 
reported for a multitude of polymers [66].  
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Figure 5.14.  HPLC data showing the effects of DBD plasma exposure time on the Mw of 
PSU fibers.  As plasma exposure increases, the HPLC elution time increases, 
corresponding to a reduction in molecular weight.  The broadening of the peak indicates 
an increase in polydispersity. 
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 Treatment uniformity has been a reported downfall of DBD plasma [122,123].  
Figure 5.16 shows DSC scans for the various treatment times for O2 DBD plasma.  If the 
plasma was very heterogeneous, then one would expect to see multiple peaks in the DSC 
scan corresponding to differences in polymer Mw.  The presence of one peak indicates a 
relatively uniform treatment of the PSU fibers.  This point is not meant to claim we have 
created perfectly uniform DBD plasma, but that the non-uniformity is not substantial 
enough to affect the uniformity polymer material properties.  
 
5.5. Chapter Summary 
 
 The goal of this chapter was to develop a method of adding oxygen-functional 
groups to the surface of polysulfone (PSU) electrospun fibers using atmospheric 
dielectric barrier discharge (DBD) plasma.  The first part focused on selecting a plasma 
medium that would be most efficient in modifying PSU.  Since low pressure plasma is 
generally more uniform than atmospheric, it was used to study the effects of plasma 
medium and exposure time on the addition of oxygen moieties to the PSU fiber surface.  
The plasma gases studied included Ar, O2, and a mixture of Ar and O2.  For all plasmas, 
the primary oxygen groups incorporated on the surface were hydroxyl, peroxide, 
carbonyl, and carboxyl.  It was found that the presence of oxygen induced photo-
oxidative degradation of the non-aromatic carbon bonds and created more grafting sites 
than the argon-containing plasmas.  Additionally, oxygen was available to immediately 
react into the polymer backbone, thus creating the highest overall oxygen content (32.1 
atomic %) and more highly-oxidized moieties at short exposure times (< 30 sec). 
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Figure 5.15.  DSC results showing the effect of plasma treatment time on Tg for PSU 
fibers treated at atmospheric and low pressure.  Ozone generation in DBD plasmas is a 
potential explanation for polymer degradation and a reduction in Tg. 
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Figure 5.16.  DSC traces of PSU fibers exposure to various O2 DBD plasma treatment 
levels.  The presence of one peak indicates that the non-uniformity of the plasma has little 
to no effect on the uniformity of polymer properties.  
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At long exposure times (8 minutes), the plasma comprising both Ar and O2 was able to 
surpass the oxygen content of the pure O2 plasma (34.2 atomic %).  This can be attributed 
to a synergistic photo-oxidative and Ar bombardment of the aromatic rings to create more 
reaction sites on the polymer backbone.  At low exposure times, the concentration of 
oxygen species in the plasma is too low to immediately react with newly-formed free 
radicals.  Finally, no oxygen uptake was observed for fibers exposed to Ar plasma.  
However, the carbon-oxygen bonding on the fiber surface was changed.  Furthermore, 
the formation of a small amount of carboxyl groups proved that ionized oxygen species 
were present in the plasma to achieve more highly-oxidized moieties.  It is likely that 
sputtered oxygen removed from the polymer backbone was able to react back into the 
polymer or with other moieties already affixed to the surface. 
 Since it was most effective in modifying PSU fibers at low pressures, O2 plasma 
was chosen to study at atmospheric processing pressures using a DBD apparatus. The 
type of oxygen groups added to the fiber surface proved to be independent of processing 
pressure.  However, the low pressure system was more efficient in adding oxygen into the 
polymer backbone than the atmospheric system.  The oxygen content reaches a relative 
maximum in less than 30 seconds for low pressure systems.  After 8 minutes, the oxygen 
content still increases for the atmospheric DBD.  Although not as efficient, the 
atmospheric DBD was still effective in attaching oxygen groups to the fiber surface.  At 8 
minutes of exposure, the DBD system was able to add 12.7 atomic % oxygen as 
compared to 18.5 atomic % for the low pressure plasma.  The reduction in modification 
for the DBD can be attributed to collisions in the plasma that result in de-excitation of the 
ionized species.    
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Another difference between the plasmas operating at different pressure is the 
effect on molecular weight (Mw) and polymer properties such as glass transition 
temperature (Tg).  For low pressure O2 plasma, the Mw slightly increases along with its 
Tg.  At atmospheric pressure, the Tg decreases as plasma exposure increases.  A possible 
explanation for this occurrence is the significant increase in ozone production at higher 
operating pressure.  Since ozone has a much higher penetration depth than UV and 
plasma, it can penetrate into the fiber bulk and have a degradation effect.  Finally, we 
observed only one peak in the DSC traces.  This indicated that the polymer properties 
were relatively uniform.  Even if the plasma itself was non-uniform (as reported by other 
DBD systems), it had no effect on the uniformity of polymer properties. 
 Atmospheric O2 DBD plasma was effective in affixing hydroxyl-containing 
oxygen moieties to the surface of polysulfone electrospun fibers.  The focus of the next 
chapter will be to utilize these groups to perform traditional silane chemistry. 
 
  
 189
CHAPTER 6: SILANE GRAFTING 
 
 
6.1. Introduction 
 
 In Chapter 5, oxygen plasma was used to incorporate oxygen moieties to the 
surface of polysulfone electrospun fibers, most of which are carbonyl and carboxylic acid.  
The focus of this chapter is to use these groups to graft a controlled polysiloxane network 
structure to the fiber surface.  An advantage of silane-based chemistry is the ability to 
obtain desired reactivity of the network based on the functional groups inherent in the 
silane prior to reaction. Silane treatments have been used extensively to improve the 
interface between fibers and matrices in composites, where most of the early focus was 
treatment of glass fibers [138].  This technology has been extended to organic fiber-based 
composites.  Jang et. al has shown that oxygen plasma exposure followed by grafting a 
silane coupling agent with vinyl functionality to the surface of ultra high modulus 
polyethylene (UHMPE) and aramid (Kevlar) fibers significantly improves the interface 
between vinyl ester and the fibers [139,140,141]. 
 This chapter investigates ways in which we can control the grafted architecture of 
the polysiloxane.  We changed two aspects of the grafting procedure: plasma treatment 
time and silane concentration in solution. The plasma treatment time affects the amount 
of grafting sites on the fiber surface; while the silane concentration potentially influences 
the size of the condensing silanol (i.e. dimer, trimer, oligomer, etc.).  The grafting 
variables will be correlated to the homogeneity of the graft, grafting yield, and the 
network structure of the polysiloxane.   
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 The motivation for surface treating the polysulfone electrospun fibers was given 
in Chapter 3.  The formation of voids around polysulfone electrospun fibers in vinyl ester 
matrix composites was attributed to the swelling of the fibers with styrene and 
subsequent withdrawal during cure.  In this chapter, we studied two effects of silane 
treatment on the VE-electrospun fiber interface.  We treated the fibers with silanes 
containing both methyl and vinyl reactivity.  The methyl-containing polysiloxane will act 
as a nonreactive crosslinked shell around the fibers.  Park and Subramanian have shown 
that a crosslinked polysiloxane structure decreased the interpenetration of an epoxy 
matrix in a basalt fiber composite [142]. This can potentially act as a barrier for styrene 
diffusion into the fiber.  In addition to a crosslinked structure, the vinyl-containing 
polysiloxane will also be reactive with the vinyl ester matrix.  As was shown in Chapter 2 
for rubber modifiers, a reactive filler can eliminate the formation of voids.  By comparing 
these two systems, we were able to ascertain which aspect of the grafted architecture was 
most effective in eliminating the void formation around the fibers.  The wetting of the 
polysiloxane grafted fibers with vinyl ester will be discussed in Chapter 7. 
   
 
6.2. Experimental 
6.2.1. Silane Treatment 
 
 The mechanism for the formation of polysiloxane is given in Figure 6.1.  Two 
silanes were investigated in this work:  vinyltrimethoxylsilane (VTMS) and 
methyltrimethoxysilane (MTMS) (Aldrich).  In the first step, hydrolysis of the methoxy 
groups to hydroxyl groups takes place.  Conditions were chosen so that hydrolysis would 
occur rapidly (i.e. excess water, low pH).  Therefore, 1 wt. % silane was added to water  
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Figure 6.1.  Mechanism by which polysiloxane is grafted to the surface of polysulfone 
electrospun fibers. 
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with a pre-adjusted pH of 3.5 using acetic acid. Hydrolysis was given one hour to ensure 
completion.  During this stage, it was also possible that condensation of the silanol 
monomers into dimers, trimers, etc. was also occurring [143,144].  Future work will 
involve the characterization of the hydrolysis-condensation kinetics. 
After plasma radiation, the electrospun mats were dipped into the solution for 10 
minutes.  In this stage, the silanols graft to the surface of the electrospun fibers through a 
condensation reaction with hydroxyl groups or hydrogen bonding with carbonyl and 
ketone groups.  Next, the mats were heated in an oven at 125°C for at least 12 hours.  At 
this point, crosslinking occurs by the further condensation of the hydroxyl groups on the 
silanol. 
 
6.2.2. Thermogravimetric Analysis 
 
 Thermogravimetric analyses (TGA) were performed on a TA 2950 
Thermogravimetric Analyzer.  Roughly 10 mg of sample was ramped at 10°C/min to 
800°C.  Since polysulfone burned at much lower temperatures than crosslinked 
polysiloxane, the remaining weight at 800°C was taken as the weight of polysiloxane 
grafted to the fibers.   
 
6.2.3. Supercritical Extraction 
 
 Supercritical extraction was used to remove polysulfone from the treated mat after 
silane treatment in order to validate a crosslinked grafting architecture.  This technique is 
necessary to alleviate any capillary stresses that can potentially damage the polysiloxane 
walls. First, the fiber mats were dissolved in dimethyl formamide (DMF) (Aldrich) for at 
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least two days at 60°C to remove the polysulfone.  Next, the DMF solution containing the 
electrospun mat was placed in a supercritical extraction chamber.  Liquid carbon dioxide 
filled the chamber and dissolved the DMF from the system.  The pressure and 
temperature of the chamber were then brought to conditions where carbon dioxide was in 
the supercritical regime.  Finally, the carbon dioxide was slowly brought to atmospheric 
conditions.   
 
6.3. Results and Discussion 
 
 The goal of this chapter is to gain the ability to control the amount of polysiloxane 
grafted to the surface of polysulfone electrospun fibers.  Additionally, we would like to 
tailor the network structure of the grafted polysiloxane (i.e. degree of crosslinking).  In 
this section, the silane concentration and plasma treatment time are used as grafting 
control measures.  First, we want to verify that the polysiloxane is grafted uniformly 
through the thickness of the electrospun mats.    In the second part, we use TGA and XPS 
analysis to determine how much polysiloxane is grafted to the surface of the fibers.  The 
final part of this section utilizes XPS analysis to determine the network structure of the 
polysiloxane.  All experiments were conducted for both VTMS and MTMS. 
 
6.3.1. Grafting Uniformity 
 
 ATR-FTIR spectra were taken for the exposed and unexposed side of a 
polysulfone mat with 2 minutes of oxygen plasma radiation and reacted in a 0.3 wt. % 
VTMS solution (Figure 6.2).  A peak appears at 970 cm-1 that corresponds to the silicon- 
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Figure 6.2.  ATR-FTIR spectra show the appearance of a peak at 970 cm-1 corresponding 
to a Si-C=C bond in VTMS.  The VTMS graft is not homogeneous through the thickness 
of the mat since there is a difference in intensity between the exposed and unexposed side 
of the electrospun mat. 
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vinyl bond (Si-C=C).  An important observation is that there is a silane concentration 
gradient across the thickness of the mat.  The side of the mat exposed to the plasma has a 
much higher grafting yield than the side that is not.  This indicates that there is a lack of 
penetration depth of the plasma.  This problem can be circumvented by irradiating both 
sides of the mat.   
 
6.3.2. Grafting Yield 
 
 The plasma treatment time and silane concentration were varied to explore their 
respective effects on the polysiloxane grafting yield.  The plasma treatment times 
investigated included 0, 0.5, 2, and 8 minutes.  The VTMS and MTMS concentration in 
solution comprised of 0.1 , 0.3, 0.5, and 1.0 wt.%. 
 Crosslinked polysiloxane has a much higher thermal degradation temperature than 
polysulfone.  If the polysiloxane-grafted electrospun fibers are heated to extremely high 
temperatures, the polysulfone will burn away and the polysiloxane will remain.  
Therefore, TGA was used to determine exactly how much polysiloxane remains when the 
polysulfone is thermally degraded from the system, otherwise known as char yield.  The 
char yield is directly related to the grafting yield of the polysiloxane.  Figure 6.3, Table 
6.1, and Table 6.2 provide the char yield data for the VTMS- and MTMS-grafted 
polysulfone fibers.   XPS analysis was used to validate the char yield data.  Figure 6.4, 
Table 6.3, and Table 6.4 show the Si/C peak ratios in the XPS spectra.  In general, the 
XPS and char yield corresponded well with each other. 
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Figure 6.3.  Char yield data for VTMS- (upper) and MTMS-grafted (lower) polysulfone 
electrospun mats. 
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Table 6.1.  Char yield data for VTMS grafted polysulfone electrospun fibers 
 
 
 
VTMS Char Yield 
 
Plasma 
Radiation  
0.1 wt.% 
 
0.3 wt.% 
 
0.5 wt.% 
 
1.0 wt.% 
 
0 min 
 
 
1.78 ± 0.08 
 
2.77 ± 0.04 
 
1.97 ± 0.07 
 
2.62 ± 0.08 
0.5 min 2.66 ± 0.06 4.20 ± 0.07 6.74 ± 0.26 1.74 ± 0.05 
2 min 5.76 ± 0.13 4.77 ± 0.05 8.94 ± 0.10 3.90 ± 0.09 
8 min 1.98 ± 0.05 3.06 ± 0.06 4.82 ± 0.16 3.40 ± 0.12 
 
 
 
 
Table 6.2.  Char yield data for MTMS grafted polysulfone electrospun fibers 
 
 
 
MTMS Char Yield 
 
Plasma 
Radiation  
0.1 wt.% 
 
0.3 wt.% 
 
0.5 wt.% 
 
1.0 wt.% 
 
0 min 
 
 
1.91 ± 0.09 
 
4.30 ± 0.07 
 
4.47 ± 0.12 
 
8.00 ± 0.05 
0.5 min 1.67 ± 0.08 4.42 ± 0.08 8.78 ± 0.11 2.82 ± 0.09 
2 min 3.15 ± 0.09 5.27 ± 0.06 11.62 ± 0.08 4.76 ± 0.10 
8 min 5.37 ± 0.14 9.83 ± 0.30 7.53 ± 0.23 5.24 ± 0.29 
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Figure 6.4.  Si/C ratios gathered from XPS spectra for VTMS and MTMS grafted 
polysulfone electrospun fibers. 
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Table 6.3.  Si/C ratio for VTMS-grafted polysulfone electrospun fibers. 
 
 
 
Si/C Ratio for VTMS-grafted Fibers 
 
Plasma 
Radiation  
0.1 wt.% 
 
0.3 wt.% 
 
0.5 wt.% 
 
1.0 wt.% 
 
0 min 
 
 
0.0459 
 
0.00158 
 
0.0182 
 
0.0238 
0.5 min 0.0345 0.0790 0.1394 0.0359 
2 min 0.0470 0.1051 0.1420 0.0619 
8 min 0.0748 0.1528 NA 0.1697 
 
 
 
 
Table 6.4.  Si/C ratio for MTMS-grafted polysulfone electrospun fibers. 
 
 
 
Si/C Ratio for MTMS-grafted Fibers 
 
Plasma 
Radiation  
0.1 wt.% 
 
0.3 wt.% 
 
0.5 wt.% 
 
1.0 wt.% 
 
0 min 
 
 
0.0079 
 
0.0066 
 
0.0415 
 
0.0897 
0.5 min 0.0738 0.0525 0.1199 0.0345 
2 min 0.0348 0.1439 0.1727 0.1294 
8 min 0.1162 0.1395 0.1984 NA 
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The char yield data show that a significant amount of polysiloxane can be grafted 
to the fiber surface for both silanes.  In the optimum case, almost 12 wt.% of MTMS is 
grafted to the electrospun fibers for treatment conditions of 2 minutes of plasma and 0.5 
wt.% MTMS concentration.  Another observation is the ability to graft small amounts of 
silane without the presence of plasma-added oxygen groups.  It is probable that the 
silanol undergoes hydrogen bonding with the sulfone group in the polysulfone structure. 
There are no irrefutable trends within the char yield and XPS data for these 
systems.  However, general trends can be observed with the exception of one or two data 
points.  The first trend is the increased grafting yield with increasing exposure to plasma 
radiation.  As plasma treatment time increases, more oxygen moieties are added to the 
surface of the electrospun fibers.  Therefore, more grafting sites are available for silanol 
condensation on the fiber surface. 
Another observation is the occurrence of a maximum grafting yield with respect 
to silane concentration.  An explanation for this trend potentially lies in the size of the 
polysiloxane chains prior to grafting.  During hydrolysis, the hydrolyzed silanes have the 
potential to condense and form larger siloxane structures.  General factors that affect the 
hydrolysis-condensation competition are pH and the amount of water in the solvent [143].  
Another factor that can influence the condensation reaction is the concentration of silane 
in the system [144].  Therefore, the extent of the condensed siloxane can strongly depend 
upon the concentration of silane in solution.  If this is the case, the size of the condensed 
siloxane is larger for the 1.0 wt.% solution than the 0.1 wt. % solution.  When the 
condensed siloxane becomes too large, grafting sites on the fiber surface can potentially 
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be obstructed.  Future kinetic studies on these systems will give more insight into the size 
of the condensing silanols. 
A final trend of the silane treatment is that MTMS systems experiences higher 
grafting yields than the VTMS systems.  It is possible that the vinyl group on the VTMS 
hinders the reaction of the silanol with the fiber surface.  It is possible that the difference 
in the R-group size may have an impact on these results.  When burning the polysulfone 
from the system, the organic R-group may burn off as well.  Since VTMS has an extra 
carbon atom in the R-group, there is potential for more burn off.  If this is the case, the 
TGA technique underestimates the char yield for both silane systems. 
 
 
6.3.3. Polysiloxane Network Structure 
 
 The network structure of the polysiloxane may play an important role when 
infusing the electrospun mats with vinyl ester.  A lowly crosslinked network could allow 
more styrene to diffuse across the polysiloxane barrier.  The first part of this section 
proves that we do in fact obtain a crosslinked network structure through our method of 
silane treatment.  The subsequent three sections utilize XPS analysis to determine 
whether silane functionality, plasma treatment time, and silane concentration affect the 
crosslink density of the grafted polysiloxane.   
 
6.3.3.1. Crosslinked Structure 
 The silane treatment technique discussed in section 6.2.1 theoretically creates a 
crosslinked polysiloxane.  In this section, we want to ensure this was the case.  A 
fundamental difference between thermoplastic and thermoset polymers is the solvation of 
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the polymer; where thermoplastics dissolve in solvents and thermosets do not.  Therefore, 
when exposing an electrospun fiber mat containing crosslinked polysiloxane to a solvent, 
the polysulfone will dissolve and the polysiloxane will not.  We subjected the 
polysiloxane-grafted fibers to a solution of DMF for 12 hours at 60°C.  In order to 
preserve the network structure of the crosslinked polysiloxane after solvation of 
polysulfone, we supercritically extracted the DMF from the system to reduce capillary 
forces.  Figure 6.5 contains ESEM micrographs revealing the network structure of the 
polysiloxane after removal of polysulfone. These micrographs prove that we have 
achieved a crosslinked network structure.  The polysiloxane is shown to encapsulate the 
electrospun fibers as we proposed.  Future work involves varying the grafting yield, and 
consequently thickness, of the grafted polysiloxane layer.   
 
6.3.3.2. Effect of Plasma Radiation Time 
 Chapter 5 focused on the effects of plasma treatment time for the chemical 
modification of polysulfone.  There were two major conclusions drawn from that chapter.  
First, an increase in plasma treatment time increases the concentration of oxygen-
containing species added to the surface of the fibers.  The second finding was that with 
increasing plasma exposure, significant chain scission (breaking of bonds in polymer 
structure) occurs that can detract from the polymer properties.  Figure 6.6 and Figure 6.7 
show the effect of plasma treatment time on the C1s and O1s XPS spectra, respectively, for 
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Figure 6.5.  ESEM micrographs of crosslinked polysiloxane after removal of the 
polysulfone from the system.  The silane treatment conditions were 0.3 wt.% VTMS and 
8 minute plasma radiation. 
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Figure 6.6.  XPS C1s spectra for various plasma times for 0.3 wt% VTMS-grafting. 
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Figure 6.7.  XPS O1s spectra for various plasma times for 0.3 wt% VTMS-grafting. 
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a 0.3 wt.% VTMS-grafted system.  The trends observed in Chapter 5 are confirmed in 
these spectra.  The intensity of the C–C bonds (280.9 eV) decreases with increasing 
plasma exposure due to polymer chain scission, as shown in Figure 6.6.  Additionally, 
chain scission reduces the π−π (287.5 eV) and C–O (282.2 eV) bonds.  In Figure 6.7, the 
intensity of the oxygen moiety peak increases directly with plasma exposure, validating 
the fact that increased plasma exposure increases oxygen groups on the surface of the 
fibers.  For the remainder of this section, the C1s and O1s orbital spectra will not be 
presented.  Figure 6.6 and Figure 6.7 are indicative of the trends seen in all of the silane 
treated systems. 
 The Si2p orbital spectra yield the most information about the network structure of 
the grafted polysiloxane.  Table 6.5 gives the chemical environment of silicon and the 
corresponding binding energies found in the Si2p orbital, as found by Alexander [145].  It 
is clear that as more oxygen is bonded to the silicon structure, the binding energy 
detected by the XPS increases.  In our systems, crosslink density is directly proportional 
to the chemical environment of the silicon, and thus the Si2p binding energy. 
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Table 6.5:  Silicon chemical environments and their corresponding Si2p  
binding energies.  Modified from Alexander et. al [145]. 
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Figure 6.8 shows the effect of plasma treatment time on the Si2p spectra for 0.3 
wt.% VTMS-grafted electrospun fibers.  Since the electrospun mats were exposed to 
solutions of the same silane concentration, it is assumed that the length of the 
homopolymerized silanol is the same for all samples.  From Figure 6.8, the intensity of 
the silicon peak increases with the prolonged plasma exposures, indicating a higher 
polysiloxane grafting yield.  This result corresponds to those presented in the previous 
section.  A noticeable trend in Figure 6.8 is the shifting of the silicon peak to higher 
binding energies as plasma treatment time increases.  Therefore, the crosslink density of 
the grafted polysiloxane increases with prolonged plasma exposure.  The explanation for 
this originates with the number of oxygen-containing groups on the surface of the fibers.  
Since there are more grafting sites on the fiber surface, a greater number of silanol 
monomers can react at these points.  During the crosslinking stage of the reaction 
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(heating), the silanol monomers are more likely to contact each other to undergo 
crosslinking and polysiloxane formation.  Conversely, the system with little to no plasma 
exposure has very few grafting sites on the fiber surface.  The silanol monomers that graft 
to the surface can only undergo chain extension in the short time given at the grafting 
stage of the silane treatment.  In the crosslinking stage, the grafted silanol monomers are 
so far apart that little to no crosslinking takes place. 
It should also be noted that the oxygen peak in Figure 6.7 shifts with increasing 
plasma treatment time.  It is difficult to distinguish whether the peak shifts because of 
further oxidation of the polymer surface or the conversion of silanol to polysiloxane 
during crosslinking. 
 
6.3.3.3. Effect of Silane Concentration 
 The primary effect of silane concentration on polysiloxane formation is the size of 
the homopolymerized silanol prior to grafting.  Figure 6.9 gives the Si2p spectra for 
electrospun mats irradiated for 2 minutes and treated with solutions containing various 
concentrations of VTMS.  Since the electrospun mats were irradiated under the same 
conditions, it is assumed that the same amount of oxygen is available for grafting in each 
system.  From Figure 6.9, we observed that as the silane concentration increased, the 
silicon binding energy also increased, indicating a more highly crosslinked polysiloxane. 
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Figure 6.8.  XPS Si2p spectra for various plasma times for 0.3 wt% VTMS-grafting. 
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Figure 6.9.  XPS Si2p spectra for electrospun mats irradiated for 2 minutes and exposed to 
solutions of varying VTMS concentration. 
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The length of the homopolymerized silanol is not related to the total polysiloxane 
grafting yield, as shown in the previous section.  At low silane concentrations, the length 
of the homopolymerized silanol is shorter than for high silane concentration solutions.  
When the length of the homopolymerized silanol becomes too long, grafting sites are 
blocked on the fiber surface, limiting the amount of total grafting yield.  Short silanol 
chains may occupy more grafting sites.  However, the chain length is short enough to also 
reduce the grafting yield.   
 Although 0.1 wt.% and 1.0 wt.% silane concentrations result in roughly the same 
degree of grafting, the structure of the polysiloxane is different after the crosslinking 
stage.  When the grafted chains are longer, it is more probable that they contact other 
grafted chains to undergo crosslinking.  Additionally, it is possible that the remaining 
hydroxyl groups in the homopolymerized chain can facilitate crosslinking.  Shorter 
silanol chains will be less probable to contact other grafted chains or undergo 
crosslinking in the grafted silanol chain. 
 
6.3.3.4. Effect of Silane Functionality 
 VTMS and MTMS differ only in the R-group attached to the molecule of the form 
R-Si-(OCH3)3.  The R-group for MTMS and VTMS is methyl and vinyl, respectively.  
Figure 6.10 compares the Si2p orbitals of VTMS and MTMS for grafting conditions of 2 
minute plasma treatment and 0.3 wt.% silane.  Under these silane treatment conditions, 
the MTMS system is significantly more crosslinked than the VTMS system (shown by 
higher Si binding energy).  There are a few possibilities for this occurrence.   
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Figure 6.10.  XPS Si2p spectra for electrospun mats irradiated for 2 minutes and subjected 
to solutions of 0.3 wt.% VTMS or MTMS. 
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First, the VTMS has a slightly longer side chain than the MTMS.  During the stage of 
silane treatment, the vinyl group could sterically hinder the condensation reaction of the 
silanol.  Another explanation could be the instability of vinyl groups at elevated 
temperatures required for crosslinking.  At these temperatures, the vinyl group could 
become reactive and “back-bite” the silanol chains.  This behavior may impede the 
reaction of the silanol groups into polysiloxane. 
 
 
6.4. Chapter Summary 
 
 In Chapter 5, we utilized plasma to affix oxygen moieties to the surface of 
polysulfone electrospun fibers.  The objective of the present chapter was to use these 
oxygen groups to graft crosslinked polysiloxane to the surface of the fibers.  By utilizing 
an organofunctional silane, we possessed the ability to control the surface reactivity of 
the polysiloxane, and thus the electrospun fiber.  Methyl (MTMS) and vinyl (VTMS) 
functional silanes were investigated to give a fiber that is nonreactive and reactive, 
respectively, with vinyl ester. 
 In this chapter, several aspects of polysiloxane formation were investigated.  Our 
goal was to obtain the ability to control the homogeneity of the graft, grafting yield, and 
the network structure of the grafted polysiloxane.  The control variables of the silane 
treatment were plasma treatment time and silane concentration in solution.  The 
homogeneity of the graft was not dependent on the control variables as much as the 
penetration depth of the plasma.  The electrospun mats that underwent irradiation had a 
substantial thickness.  We found that the plasma lacked the penetration depth to 
adequately irradiate both sides of the mat.  Therefore, the concentration of grafted 
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polysiloxane on the side exposed to plasma was much higher than the unexposed side of 
the mat.  This problem was easily avoided by simply irradiating both sides of the mat. 
 TGA and XPS analyses were used to characterize the amount of polysiloxane 
grafted to the fiber surface under various silane treatment conditions.  It was found that 
relatively high grafting yields were achievable with this silane treatment.  Under the 
optimum conditions, we were able to graft almost 12 wt.% polysiloxane to the fiber 
surface.  The grafting yield was found to be strongly dependent upon the control 
variables.  As plasma exposure increased, the grafting yield increased due to the higher 
number of induced grafting sites.  A maximum occurs in grafting yield with respect to 
silane concentration, where the optimum occurs between 0.3 and 0.5 wt.% silane for most 
treatments.  The homopolymerized silanol chain length is accountable for this maximum.  
When the silanol chains become too long, grafting sites on the fiber surface become 
blocked. 
 The crosslink density of the polysiloxane network changes with plasma time, 
silane concentration, and the functionality of the silane.   The network crosslink density 
increases directly with plasma treatment time and silane concentration.  This is explained 
by the number and availability of grafting sites on the polymer surface with respect to the 
length of the homopolymerized silanol chain.  Also, MTMS resulted in a more highly 
crosslinked polysiloxane than VTMS.  The vinyl group of the VTMS impedes the 
condensation of the silanol chains during crosslinking.   
 In this chapter, we showed the ability to control the amount of grafted 
polysiloxane and its network structure by changing variables like plasma treatment time 
and solution concentration.  Additionally, we were able to give reactive functionality to 
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polysulfone electrospun fibers.  Furthermore, this silane treatment method can extend to 
other thermoplastic polymers.  By changing the organofunctionality of the silane, almost 
any thermoplastic can be given a specific reactivity to improve the performance in its 
environment.   
 The subject of the next chapter will be to use the technology developed in 
Chapters 4 – 6 to improve the fracture toughness of vinyl ester matrix composites.  In this 
chapter, we synthesized a vinyl and methyl functional polysiloxane to the electrospun 
fibers.  Since vinyl ester is a free-radically curing system, the VTMS-grafted fibers 
should be reactive with the matrix while the MTMS-grafted fibers should not.  In the end, 
we will be able to determine whether the crosslinked polysiloxane barrier or reactive 
nature of the electrospun fibers proves to eliminate voids in our system. 
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CHAPTER 7:  RESIN AND COMPOSITE PROPERTIES 
 
 
7.1. Introduction 
 
 In Chapters 3 and 4, we first proposed the idea of using electrospun polysulfone 
fiber mats as interlayers to improve the fracture toughness of vinyl ester composites.  The 
concept of interlayer toughening has been successful for epoxy prepreg systems, where 
the interlayer allows more plastic deformation and development of the crack front in 
between the laminates [23-29].  By using electrospun fibers mats, we can create an 
interlayer morphology that could allow for further energy dissipation during fracture. 
Initial experiments showed that the addition of the interlayers had a detrimental effect on 
interlaminar shear strength (ILSS) and modulus due to the formation of voids in the 
interlayer.  Chapters 5 and 6 utilized radiation grafting techniques to improve the 
interface between the electrospun fibers and vinyl ester resin.  In this chapter, we revisit 
the idea of using electrospun interlayers to improve fracture toughness.  In this case, 
however, we have the capability to control the interface between vinyl ester and 
polysulfone electrospun fibers. 
 The foregoing chapter reports several properties of the interlayer-toughened 
composites and the electrospun fiber-reinforced resin.  First, we investigate the effects of 
adding electrospun fibers to vinyl ester on the resin properties.  The fibers have 
methyltrimethoxysilane (MTMS) or vinyltrimethoxysilane (VTMS) polysiloxane grafted 
to the surface.  Dynamic mechanical analyzer (DMA) and single-edge notch bend 
(SENB) experiments provide properties such as glass transition temperature (Tg), storage 
modulus (E'), loss modulus (E″), and fracture toughness in terms of the critical strain 
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energy release rate (G1c) and the critical stress intensity factor (K1c).  Additionally, we 
characterize the interaction between the electrospun fibers and vinyl ester resin by 
observing the morphology of a fracture surface.  Specifically, we are interested to see if 
the modification made to the fibers with VTMS or MTMS limits the formation of voids 
around the fibers.  The comparison between a reactive polysiloxane, VTMS, and non-
reactive, MTMS, will help us to determine whether a crosslinked structure around the 
fiber can halt styrene diffusion or if the fibers need to react with the matrix to limit void 
formation. 
 For the composite systems, we investigate the addition of three types of 
interlayers: VTMS-grafted, MTMS-grafted, and untreated.  These systems are compared 
to a vinyl ester composite that has not been modified and a rubber-toughened composite.  
The properties of interest for these systems includes mode I dual cantilever beam (DCB) 
fracture toughness, flexural strength and modulus, interlaminar shear strength, storage 
modulus, and Tg.   
 
7.2. Experimental 
7.2.1. Materials 
 
 Most of the materials used in this section can be found in the preceding chapters.  
The baseline vinyl ester resin used for comparison is Derakane 411-c50.  The structure 
for this monomer is similar to the one shown in Section 2.2.2.1, however, the molecular 
weight of the monomer is slightly higher (~950 g/mol).  The vinyl ester was cured by 
adding 2 wt.% trigonox and 0.5 wt.% CoNap.  The rubber modifier used as a comparison 
to the interlayer-toughened systems can also be found the Section 2.2.2.1.  The details of 
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the polysulfone fibers are covered in Section 4.3.1.  The polysiloxanes grafted to the 
electrospun fibers were formed from vinyltrimethoxysilane (VTMS) and 
methyltrimethoxysilane (MTMS) and can be found in Section 6.2.1.   
 
7.2.2. Electrospun Fiber Modification 
 
 The modification of the electrospun fibers in this chapter follow the process 
outlined in Section 6.2.1.  The modification of the fibers with VTMS and MTMS were 
carried out under the same conditions.  Each mat was exposed to 30 seconds of plasma on 
each side to ensure homogeneous silane grafting through the thickness of the mat.  The 
irradiated mats were subjected to 0.3 wt.% silane solutions during the grafting stage.  The 
crosslinking condensation was carried out at 125°C for at least 12 hours. 
 
7.2.3. Preparation of SENB and DMA specimens 
 
 The preparation of SENB and DMA samples were performed by stacking several 
layers of electrospun mats to achieve a thickness of at least 0.2 inches.  Electrospun mats 
were cut into strips with dimension of 3 inches long and 0.55 inches wide.  As each layer 
was stacked, vinyl ester resin was poured between each layer to ensure complete wetting 
in between layers.  In order to achieve a desirable working time during the layer-stacking, 
the gelation time of the resin was decreased by reducing the Trigonox concentration to 1 
wt.% and the CoNap concentration to 0.1 wt.%.  A schematic of the samples is given in  
Figure 7.1.  The direction of the fibers are in the x and y plane.  The properties of these  
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Figure 7.1.   (a) The electrospun fiber mats are stacked in the z-direction to a height of 
approximately 0.2 inches.  (b)  The notch is made in the SENB sample so that the fibers 
are coming out of the page and in the y-direction.  (c)  The fracture plane travels through 
both resin and electrospun layers. 
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specimens are anisotropic due to the nature of sample preparation.  The fracture plane of 
these samples, however, is the same plane in which the mode I dual cantilever beam 
(DCB) fracture toughness tests were performed for the composites. 
 
7.2.4. Procedures Explained in Other Chapters 
 
 Dynamic mechanical analysis (DMA) was covered in Section 2.2.2.4.  The 
measurement of single-edge notch bend (SENB) fracture toughness for the resin is 
explained in Section 2.2.2.3.  Composite processing using vacuum assisted resin transfer 
molding (VARTM) is described in Section 3.2.2.  The procedure for interlaminar shear 
strength (ILSS) is given in Section 3.2.6. 
 
7.2.5. Flexural testing 
 
 Flexural testing was followed in accordance to ASTM D 790-03.  Typical sample 
dimensions were 0.125 in. x 1 in. x 2.5 in.  The support span during testing was 2.0 in.  
For each composite, five samples were tested at a crosshead rate of 0.05 in./min. 
 
7.2.6. Dual Cantilever Beam (DCB) Fracture Toughness 
 
 DCB method was used to measure the mode I fracture toughness of each 
composite system.  The procedure for this test complied with ASTM 5528 – 94A.  The 
composites were processed with a Teflon sheet with a thickness of 0.0005 inches to 
initiate a crack in the middle interlayer of the composite.  The Teflon sheet was sprayed 
with release spray to ensure no resin bonding to the sheet.  Prior to composite processing, 
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the Teflon sheet was heated to a temperature of 125°C to avoid contamination of the 
composite with the release spray.   
 After composite preparation, the composites were cut into 0.75 in. strips that were 
approximately six inches long.  Piano hinges with a thickness of 0.125 in. and knuckle 
length of 0.25 in. were adhered to the composite so that the base of the hinge was 2 in. 
from the start of the crack.  A white paint was applied to the side of each specimen and 
markings were made every 1 mm along the axis for better view of the propagating crack.   
 The hinges were clamped into tensile grips in an Instron 8872.  The grips pulled 
the hinges apart at a speed of 0.02 in./min until the crack had propagated at least 1 cm.  
After 1 cm, the crosshead rate was increased to 0.1 in./min.  The time, load, and vertical 
displacement of the grips were measured as the crack reached each marking on the side 
of the composite. 
 The G1c values reported for this test only include the values calculated during the 
propagation of the crack.  These values correspond to the conditions when the load had 
reached 5% of the maximum value.  Calculations and data for all composites tested are 
given in the Appendix. 
 
7.3. Results and Discussion 
 
 The following section explores the effects of adding electrospun fibers to vinyl 
ester resin and as interlayers in a vinyl ester matrix composite.  As a comparison, we also 
investigate the addition of 8 wt.% VTBN rubber to resin and composite properties.  It 
should be noted that all VTBN-modified systems resulted in an immiscible and 
nonhomogeneous resin.   
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The objective in this work was to increase the fracture toughness of both the resin 
and the composite.  Although increasing fracture toughness in these systems was 
important, it was equally important to maintain other properties of the resin and 
composite.  The properties of interest for the resin include fracture toughness (G1c and 
K1c), modulus, and Tg.  For the composite, we wanted to maintain properties such as 
ILSS, flexural strength and modulus, and Tg with the addition of electrospun interlayers.   
 In addition to resin and composite properties, this section examines the 
morphology of the fibers in vinyl ester resin.  As discussed in Chapter 3, the interaction 
between vinyl ester and polysulfone fibers is poor, resulting in void formation around the 
fibers.  Therefore, we made surface modifications to the fibers to improve this interface.  
Polysiloxane based upon VTMS or MTMS was grafted to the surface of the fibers.  We 
wanted to determine whether a crosslinked surface structure or fiber surface reactivity 
was the governing factor in eliminating voids in the system.  This discussion is found in 
the resin properties section. 
 
7.3.1. Resin Properties 
 
 In this section, we imbedded polysulfone electrospun fibers containing two 
surface modifications into vinyl ester resin.  MTMS-based polysiloxane was grafted to 
the surface of the fibers to study the effects of a crosslinked barrier as a method to limit 
styrene diffusion into the fibers.  The VTMS-polysiloxane system contained vinyl 
functional groups in the structure that will react with the vinyl ester during to cure, in 
addition to possessing the crosslinked barrier.   
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 Properties such as fracture toughness, modulus, and Tg were used to gauge the 
success of adding electrospun fibers.  A comparison was made between the electrospun 
fiber-toughened systems and VTBN rubber-toughened systems to determine which 
method of toughening is most effective.  Additionally, a morphological characterization 
was given that examined the interphase between each fiber system and vinyl ester.   
 
7.3.1.1. Dynamic Mechanical Analysis (DMA) 
 DMA is a useful tool to gather modulus data as a function of temperature.  Figure 
7.2 and Figure 7.3 give the storage modulus and loss modulus data, respectively, for the 
DMA traces of vinyl ester resin (Derakane 411-c50), a vinyl ester containing VTMS-
treated or MTMS-treated electrospun fibers, and an 8 wt.% VTBN rubber-toughened 
resin.  As discussed in the experimental section of this chapter, the DMA samples were 
prepared by stacking individual layers of electrospun fiber mats and infusing vinyl ester 
between each layer.  The samples resulted in approximately 25 wt.% electrospun fibers.  
In Figure 7.2, we observe that the addition of VTMS-treated fibers increases the storage 
modulus of the resin from 2.9 to 3.0 GPa, while this property decreases for the vinyl ester 
containing MTMS-treated fibers and 8 wt.% rubber modification to 2.27 and 2.64 GPa, 
respectively.  The storage modulus for both polysulfone and VTBN is lower than that of 
vinyl ester resin.  Therefore, the decrease in storage modulus for the MTMS and VTBN 
systems is expected.  The increase in storage modulus for the VTMS system was a 
somewhat unexpected result.  It is possible that the grafted VTMS polysiloxane could  
have an effect on this value.  The modulus of the crosslinked polysiloxane is higher than 
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Figure 7.2.  DMA storage modulus data for vinyl ester containing VTMS- or MTMS-
treated electrospun fiber modification and rubber modification. 
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Figure 7.3.  DMA loss modulus data for vinyl ester containing VTMS- or MTMS-treated 
electrospun fiber modification and rubber modification. 
 
 
 
 
  
 226
polysulfone and vinyl ester.  The storage modulus more than likely increases due to the 
fact that polysiloxane is covalently connected to the electrospun fibers and the vinyl ester 
matrix.   
 The storage modulus retention with increasing temperature is another property 
that can be used to characterize the plasticization level of a modified resin.  In Figure 7.2, 
the slope of the modulus-temperature data before 85°C is representative of the modulus 
retention.  The modulus retention for the vinyl esters containing electrospun fibers is 
close to that of the unmodified resin.  For the rubber-modified sample, the storage 
modulus decreases much more dramatically, thus indicating a higher level of 
plasticization.    
The loss modulus data given in Figure 7.3 indicate that Tg is also affected by the 
modifications made to the resins.  Polymer transitions are given as peaks in loss modulus 
data.  Polysulfone has a Tg around 185°C, which is higher than the Tg for vinyl ester 
(125°C).  Thus, the Tg of vinyl ester increases slightly due to the addition of the 
polysulfone electrospun fibers. The Tg for the vinyl esters containing the VTMS- and 
MTMS-treated fibers increases to 126.9 and 127.4°C, respectively.  The rubber-modified 
vinyl ester experiences a decrease in Tg to 118.5°C, which is another indication of 
plasticization with the rubber-modified samples. 
The DMA results indicate that the electrospun fiber-modified resins are superior 
to the rubber-toughened systems.  The VTMS-treated electrospun fibers improve both Tg 
and modulus of vinyl ester.  Conversely, the rubber-modified sample shows signs of 
plasticization, such as decreased modulus, Tg, and modulus-temperature retention.  The 
MTMS-treated electrospun fibers exhibited conflicting results, where modulus-
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temperature retention and Tg improved, but storage modulus decreased.  Evaluation of 
the fiber morphology given in Section 7.3.1.3 will explain this trend. 
 
7.3.1.2. Fracture Toughness 
Fracture toughness, expressed as either K1c or G1c, represents the resistance of a 
material to fracture when a crack has already been initiated.  This property is important in 
composites due to the brittle nature of most resin, which lowers the overall toughness of 
the composite.  The G1c and K1c for the modified vinyl esters in this section are given in 
Figure 7.4 and Figure 7.5, respectively.  Improvements in fracture toughness are more 
easily expressed in G1c as opposed to K1c.  The value for K1c is based solely on the load at 
fracture and sample geometry.  G1c takes into account the load and strain, calculating the 
total energy required to propagate a crack.  Therefore, the fracture toughness discussion 
in this section refers to G1c rather than K1c.  In Figure 7.4, a significant increase in G1c is 
seen for all modified vinyl esters.  An unmodified vinyl ester has a G1c and K1c of 110 ± 
10 (J/m2) and 0.83 ± 0.11 (J/m2)½, respectively.  The rubber-modified sample experiences 
the greatest increase in G1c and K1c to 500 ± 50 (J/m2) and 1.45 ± 0.18 (J/m2)½, 
respectively.  VTMS-treated electrospun fibers increase the G1c and K1c to 400 ± 30 
(J/m2) and 1.09 ± 0.21 (J/m2)½, respectively.  For the MTMS-treated fibers, an increase in 
G1c and K1c to 440 ± 10 (J/m2) and 0.85 ± 0.09 (J/m2)½, respectively, is observed.  The 
explanation for these increases can be attributed to the second phase morphology, 
discussed in the next section. 
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Figure 7.4.  G1c values for the resin systems investigated in this section. 
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Figure 7.5.  K1c values for the resin systems investigated in this section. 
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7.3.1.3. Characterization of Second Phase Morphology 
 The second phase morphology in the modified vinyl esters explains the 
observations seen in DMA and fracture toughness results.  For the rubber-toughened 
system, the second phase morphology comprises of relatively large rubber particles 
dispersed throughout the matrix phase.  Since the rubber is vinyl-terminated, the matrix 
and rubber phases are covalently bonded to each other.  As seen in Chapter 2, if the 
rubber is not reactive, there is no connectivity of the rubber to the matrix and voids form 
around the rubber particles.  Figure 7.6 gives the second phase morphology for the 
VTBN-modified vinyl ester.  This morphology adds energy-dissipating mechanisms that 
increase the resistance to fracture, explaining the increased fracture toughness.  The most 
prevalent mechanism is the induction of matrix shear yielding [5-12].  VTBN has a 
significantly lower modulus and Tg than vinyl ester.  This also explains why these 
systems experience decreases in Tg, modulus, and modulus-temperature retention.   
Since the vinyl esters containing electrospun fibers do not depend on phase 
separation for the formation of the second phase, the second phase morphology is one 
that contains randomly oriented fibers that comprise a co-continuous phase throughout 
the resin.  The purpose of investigating fibers with different surface modifications was to 
determine which mechanism was best for limiting the void formation around the fibers:  a 
crosslinked barrier to limit styrene diffusion or the reactivity of the fiber with the matrix.  
For the MTMS-grafted polysiloxane, the only mechanism to eliminate voids is the 
reduction of styrene diffusion into the fibers.  Figure 7.7 shows the morphology of a vinyl 
 
 
  
 231
 
 
 
 
Figure 7.6.  Second phase morphology of VTBN-modified vinyl esters. 
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Figure 7.7.  Second phase morphology of a vinyl ester containing MTMS-treated fibers.  
The presence of voids indicates a crosslinked structure does not stop the diffusion of 
styrene into the fibers. 
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Figure 7.8.  Second phase morphology of untreated polysulfone fibers in a vinyl ester 
matrix.   
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ester containing MTMS-treated fibers.  It is evident that the presence of a crosslinked 
structure around the fibers has no effect on void elimination.  The voids around the fibers 
are reminiscent of those formed for untreated fibers (Figure 7.8).   
 The formation of voids around the fibers can explain the fracture toughness and 
DMA results.  The voids have no effect on Tg, therefore we still observed an increase in 
this property.  The properties most affected by the voids were fracture toughness and 
modulus.  Since voids in a polymer are well known to reduce modulus, this explains the 
decrease in storage modulus.  Although detrimental to modulus, the voids around the 
fibers have a positive effect on fracture toughness.  The voids in the system induce a 
crack-pinning energy dissipating mechanism, where the crack cannot propagate through 
the void.  These same trends can be found for rubber toughening in Chapter 2.  The non-
reactive rubber (ETBN) resulted in the formation of voids around the rubber particles.  
These voids had no effect on Tg while reducing the modulus and increasing the fracture 
toughness. 
 In addition to a crosslinked grafted structure, the VTMS-treated fibers have 
reactive groups that covalently link the electrospun fibers to the vinyl ester matrix.  As 
we observed for the rubber systems, the connectivity of the second phase to the matrix 
can limit the formation of voids.  Figure 7.9 shows that this is also the case for the fiber-
toughened systems.  In this figure, we can see that most of the fibers do not have voids 
around them.  The voids that do form are indicative of fiber cavitation, where the fracture 
pulls the fiber away from the matrix.  This phenomenon is also an energy-dissipating 
mechanism during fracture that is known to increase fracture toughness for rubber 
systems [2-12]. 
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Figure 7.9.  Second phase morphology of a vinyl ester containing VTMS-treated fibers.  
The elimination of voids can be attributed to the interphase connectivity of the 
polysiloxane. 
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 The DMA and fracture toughness results correlate to the observed morphology.  
The lack of voids in the VTMS system explains why there is no decrease in modulus.  
Since there is not a big difference in modulus between polysulfone and vinyl ester, we do 
not expect to see a noticeable decrease in modulus.  The increase in modulus is attributed 
to the properties of the crosslinked polysiloxane, which acts as an interphase connector.  
The VTMS showed slightly less increase in G1c than the other modified systems.  When 
compared to the MTMS system, the crack-pinning mechanism potentially impacts 
fracture toughness more than the fiber cavitation mechanism.  The difference in G1c 
between the VTMS and rubber-modified system can be attributed to the modulus of the 
second phase.  It is known that for resin toughening, a lower modulus modifier increases 
the amount of matrix shear yielding during fracture.  Since VTBN has a lower modulus 
than polysulfone, more matrix shear yielding occurs and greater improvements in fracture 
toughness are realized. 
 
7.3.1.4. Resin Property Summary 
 A comparison of the resin properties studied in this section is given in Figure 7.10 
and Table 7.1.  It is clear that the VTMS-treated fibers most successfully toughen the 
vinyl ester.  This form of toughening was also able to improve the Tg and modulus of the 
resin.  The MTMS and VTBN systems experienced varying levels of plasticization.  The 
MTMS system increased fracture toughness and Tg, but the formation of voids around 
the fibers led to a decreased modulus.  The rubber-modified vinyl ester improved the 
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Figure 7.10.  A chart comparing the properties of all modified vinyl esters in this section. 
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Table 7.1.  Summary of all of the resin properties in this section. 
 
 
 Tg  
(°C) 
E' at 35°C 
(GPa) 
G1c 
(J/m2) 
K1c 
(J/m2)½
 
411-C50 
 
 
125.0 
 
2.90 
 
110 ± 10 
 
0.83 ± 0.11 
VTMS-treated 
Fibers 
126.9 3.00 400 ± 30 1.09 ± 0.21 
MTMS-treated  
Fibers 
127.4 2.29 440 ± 10 0.85 ± 0.09 
8 wt.% VTBN  
Rubber 
118.5 2.64 500 ± 50 1.45 ± 0.18 
 
 
 
fracture toughness to largest extent, but in turn experienced the greatest level of 
plasticization.  Significant losses were observed in Tg, modulus, and modulus-
temperature retention.  Additionally, the VTBN is not completely soluble in the vinyl 
ester, yielding a nonhomogeneous resin. 
 
 
7.3.2. Composite Properties 
 
 The overall goal of this work was to incorporate polysulfone electrospun fibers in 
vinyl ester composites to improve the fracture toughness and delamination behavior of 
the composite.  We measured the success of our work by studying the mode I, or peel, 
interlaminar fracture toughness.  Future work will involve measuring the mode II, or 
shear, delamination behavior.   
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In this section, we evaluate several properties of vinyl ester composites containing 
electrospun interlayers.  Any improvements in fracture toughness must be contrasted to 
any effects on other properties.  The properties we are most concerned with include ILSS, 
Tg, flexural strength, and flexural modulus.  In the following subsections, we report the 
results of composites containing a VTMS-treated interlayer, an MTMS-treated interlayer, 
and an untreated interlayer.  We also studied VTBN rubber-modified composites as a 
comparison for other known composite toughening techniques.   
 
7.3.2.1. Dynamic Mechanical Analyzer 
 We used DMA analysis to study the Tg and modulus-temperature retention of 
each composite system.  The absolute value of the storage modulus is not as reliable for 
composites due to the stiff nature of the samples.  Therefore, we will focus on comparing 
each composite and not the actual value of the modulus.  A more reliable value for 
modulus is the flexural modulus, reported later in this section.  Figure 7.11 gives the 
storage modulus values of the DMA traces for each composite.  It should be noted that 
the modulus values are corrected for the volume fraction of carbon fibers in the 
composite.  By the nature of interlaminar toughening, the samples are automatically 
thicker and contain more polymer.  Therefore, the modulus values are often lower 
because the overall volume fraction of reinforcing fibers is lower.  From Figure 7.11, we 
noticed the trends were very similar to the resin systems studied in Section 7.3.2.  The 
VTMS system has modulus values comparable to the unmodified vinyl ester.  The 
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Figure 7.11.  DMA storage modulus data for vinyl ester composites containing VTMS-, 
MTMS-treated, and untreated interlayers along with a rubber-modified composite. 
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Figure 7.12.  DMA storage modulus data for vinyl ester composites containing VTMS-, 
MTMS-treated, and untreated interlayers along with a rubber-modified composite. 
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MTMS and untreated interlayers reduce the modulus due to void formation within the 
interlayer.  The rubber-modified vinyl ester experiences a reduction in modulus, but an 
even more significant decrease in the modulus-temperature retention.   
Figure 7.12 gives the loss modulus data for all of the composites studied in this 
work.  Again, the same trends are true in this plot as for the resin systems.  The Tg of the 
VTMS-, MTMS-, and untreated interlayer composites increased to 132.7, 132.1, and 
131.2 °C respectively.  The rubber-modified composite experienced a decrease in Tg to 
127.6°C.  These trends are attributed to the Tg of the modifier in each system.  The Tg of 
polysulfone is higher than vinyl ester, hence the Tg of the overall system increases.  
VTBN has a significantly lower modulus than vinyl ester, thus decreasing the Tg of the 
system.   
 Another interesting point about Figure 7.12 involves the polysulfone Tg.  The 
MTMS- and VTMS-treated interlayers yield a lower polysulfone Tg than the untreated 
interlayer.  This validates the trends we covered in Chapter 5.  The treatment of the 
interlayers involves the use of plasma, which breaks down the polymer and reduces its Tg.   
 
7.3.2.2. Flexural Properties 
 The flexural modulus and strength for the composites studied in this work (with 
the exception of the composite with the untreated interlayer) are given in Figure 7.13 and 
Figure 7.14, respectively.  As with the DMA values, theses properties are normalized 
with respect to the volume fraction of carbon fibers in each system.  The flexural 
modulus for the interlayer composites compare well with the unmodified composite. 
  
 243
   
 
 
 
 
Figure 7.13.  A chart comparing the flexural modulus of the composites investigated in 
this work. 
 
 
 
 
  
 244
 
 
 
 
 
Figure 7.14.  A chart comparing the flexural strength of the composites investigated in 
this work. 
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Very slight reductions in the modulus can be attributed to the lower modulus of 
polysulfone.  The VTMS-interlayer composite has a reduction to 49.0 ± 1.5 GPa from 
49.7 ± 1.6 GPa for the unmodified composite. The MTMS-treated interlayer experiences 
a bigger decrease to 48.6 ± 1.3 GPa due to the void formation around the fibers in the 
interlayer.  The rubber-modified composite undergoes the biggest decrease in flexural 
modulus (45.0 ± 2.4 GPa).  Again, this can be explained by the addition of a lower 
modulus modifier to the resin. 
 The flexural strength improves with the addition of each interlayer system, 
whereas a decrease is observed in the rubber-modified composite.  The VTMS-treated 
interlayer experiences the greatest improvement in flexural strength, increasing from 520 
± 20 MPa to 550 ± 30 MPa.  The MTMS system increases to 540 ± 30 MPa.  The rubber-
modified composite reduces to 490 ± 30 MPa. 
 The composite flexural properties are one area where the interlayer-toughened 
systems out-performed the rubber-modified system.  This validates our reasoning for 
using a more rigid polymer to improve the fracture toughness.  The superior mechanical 
and thermal properties of the modifier help to maintain the composite properties. 
 
7.3.2.3. Interlaminar Shear Strength 
 The ILSS is primarily dependent on matrix properties and fiber-matrix interfacial 
shear strength properties [1].  The addition of an interlayer has the potential to affect this 
interaction.  Figure 7.15 compares the ILSS for the composites investigated in this work.  
It is apparent that all of the composite modifications had a detrimental effect on ILSS. 
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Figure 7.15.  A chart comparing the ILSS of the composites investigated in this work. 
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It should be noted that the ILSS value for an unmodified composite (35.7 ± 1.0 MPa) is 
low compared to other composite systems due to the inherently poor adhesion between 
carbon fibers and vinyl ester resin.  The VTMS-, MTMS-, and untreated interlayer 
composites undergo a reduction in ILSS to 32.1 ± 1.8 MPa, 30.2 ± 1.7 MPa, and 27.7 ± 
1.0 MPa, respectively.  The presence of the electrospun interlayer could impede the 
normal wetting of vinyl ester and carbon fibers during VARTM processing.  For the 
VTMS system, the vinyl ester could be drawn away from the carbon fibers to the 
electrospun fibers due to their reactivity.  For the MTMS and untreated systems, the 
presence of voids around the fibers creates poor vinyl ester adhesion in the interlayer and 
thus the composite.  The untreated interlayer composite experiences the biggest reduction 
due to the increased presence of voids. 
 The rubber-modified composite experiences the most significant loss in ILSS 
(26.8 ± 0.8 MPa).  There are two possible explanations for this behavior.  The viscosity 
of the resin is significantly higher for this system.  During resin infusion, the increased 
viscosity and surface tension effects could result in poorer wetting of the carbon fibers.  
Secondly, the phase separation that is occurring during infusion could affect the interface. 
 
7.3.2.4. DCB Fracture Toughness 
 The DCB fracture toughness results reported in Figure 7.16 correspond to the G1c 
during crack propagation.  In this measurement, a crack is initiated in between laminates 
and the mode I, or peel, delamination resistance is measured.  Figure 7.16 indicates 
rubber modification is the most effective toughening method for improving delamination  
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Figure 7.16.  A chart comparing the propagation DCB mode I fracture toughness of the 
composites investigated in this work. 
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in this mode.  For this system, the G1c increases from 740 ± 80 J/m2 for an unmodified 
composite to 1240 ± 230 J/m2.  For the interlayer-toughened system, the VTMS treated 
interlayer provided the largest increase in fracture toughness to 950 ± 80 J/m2.  The 
MTMS and untreated interlayers provide only slight improvements in G1c.   
 Figure 7.17 shows the relationship between G1c and the crack propagation 
distance from the initial crack, a(m), comparing the typical behavior of the vinyl ester, 
VTMS-interlayer, and VTBN-modified composites.  Figure 7.18 gives the load vs. load-
point displacement curves corresponding to Figure 7.17.  In the early stages of crack 
propagation (< 0.5 inches), the fracture energy is relatively low.  The fracture toughness 
increases at roughly the same rate for all of the samples until the point of the propagating 
fracture energy, or the point where the G1c begins to plateau.  The G1c prop is much higher 
for the rubber-toughened specimen than the vinyl ester and VTMS-interlayer specimens.  
An explanation for this behavior can be interpreted from Figure 7.18.  The equation for 
calculating G1c in this mode is: 
))((
)(
2
3
1 maw
P
G c ⋅
⋅⋅= δ      [7.1] 
where δ is the load point displacement, P is the load, w is the sample width, a is the 
delamination length, and m is the distance of the crack from a0. 
The load for the rubber-toughened specimen during crack propagation is not 
nearly as high as the load for the vinyl ester and VTMS-interlayer composites.  However, 
due to the reduced modulus and increased flexibility of the composite, the load-point 
displacement is very high.  Thus, a much higher load-displacement is required to 
propagate the crack.  In equation 7.1, it shows that the fracture toughness is equally a  
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Figure 7.17.  The relationship of fracture toughness to the crack propagation distance in 
the DCB test. 
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Figure 7.18.  The relationship of load and load-point displacement in the DCB test. 
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function of the load and load-point displacement.  The mechanism for increased fracture 
toughness is tearing and rack tip blunting.   
 The increase in mode I fracture toughness for the VTMS-interlayer composite is 
attributed to the increase in load required to propagate the crack.  Figure 7.18 shows that 
the load point displacement values are approximately the same for a vinyl ester and 
VTMS-interlayer composite.  The increased toughness is attributed to the fact that the 
propagation of the crack through the polysulfone fibers in the interlayer requires higher 
loads than required to propagate a crack through vinyl ester resin. 
 The MTMS-treated and untreated interlayers showed little to no effect in 
increasing fracture toughness.  In some cases, total delamination occurred shortly after 
crack propagation.  The presence of voids in these systems afforded a pathway for the 
crack to propagate quickly through the interlayer.  Since voids surrounded the fibers, the 
polysulfone had no beneficial effect in these systems. 
 
7.3.2.5. Composite Property Summary 
 A summary of all composite properties evaluated in this work are presented in 
Table 7.2 and Figure 7.19.  The rubber-modified composite proved to have the highest 
fracture toughness.  However, the reductions in ILSS, flexural strength, flexural modulus, 
and Tg do not make this a feasible option to toughen vinyl ester composites.  
Additionally, the rubber is not completely soluble in the resin and would not yield a 
homogeneous material.   
 The VTMS-interlayer exhibited the best performance of the interlayer-toughened 
composites.  The improvement in the interphase behavior between the vinyl ester and 
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polysulfone fibers using a grafted vinyl-reactive polysiloxane eliminated the formation of 
voids in the interlayer.  For this reason, the VTMS-interlayer maintained all composite 
properties better than the MTMS and untreated interlayer composites.  Although the 
VTMS-interlayer did not improve fracture toughness as substantially as the rubber-
modified composite, it proves to be the most feasible option for composite toughening 
due to the retention of other properties. 
 
 
 
Table 7.2.  Summary of all of the composite properties in this section. 
 
 
  
411-C50 
 
 
 
VTMS 
Interlayer 
 
MTMS 
Interlayer 
 
Untreated 
Interlayer 
 
VTBN 
modified 
 
G1c prop (J/m2) 
 
 
740 ± 80 
 
950 ± 80 
 
760 ± 50 
 
780 ± 90 
 
1240 ± 230 
ILSS (MPa) 
 
35.7 ± 1.0 32.1 ± 1.8 30.2 ± 1.7 27.7 ± 1.0 26.8 ± 0.8 
Flex Modulus (GPa) 
 
49.7 ± 1.6 49.0 ± 1.5 48.6 ± 1.3 NA 45.0 ± 2.4 
Flex Strength (MPa) 
 
520 ± 20 550 ± 30 540 ± 30 NA 490 ± 30 
E' (GPa @ 35°C) 
 
15.29 15.26 13.35 12.57 13.47 
Tg (°C) 
 
129.2 132.7 132.1 131.2 127.6 
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Figure 7.19.  A chart comparing the properties of all composites studied in this section. 
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7.4. Chapter Summary 
 
The focus of this chapter was to utilize the technologies developed in the previous 
chapters to improve the performance of vinyl ester composites.  In Chapter 3, we 
proposed a novel technique for toughening vinyl ester composites.  By electrospinning 
polysulfone into nano/microfibers (Chapter 4), we could potentially mimic a co-
continuous morphology that has been used to thermoplastic-toughen epoxy resins.  The 
fibers would be processed into randomly oriented fibrous mats that would be 
incorporated as interlayers in a composite.  The benefits of this technique could be two-
fold.  First, the addition of interlayers would provide a polymer-rich interlayer that allows 
for fuller development of the plastic deformation zone ahead of a propagating crack tip.  
Secondly, the morphology of the interlayer (fiber-resin) could allow for more matrix 
shear yielding and other energy dissipating mechanisms associated with second phase 
tougheners. 
The preliminary data presented in Chapter 3 showed some drawbacks of the 
proposed toughening method.  The formation of voids around the fibers in the interlayer 
detracted from several properties of the resin and composite.  This trend was also realized 
in Chapter 2, where non-reactive rubber modifiers resulted in the formation of voids 
around the particles.  Void formation in these systems is attributed to the 
partitioning/swelling of styrene in the second phase.  Prior to cure, the styrene diffuses 
into the modifier phase.  During cure, the reacting matrix draws styrene from the modifier 
and leaves voids around the second phase.  When the modifier is reactive with the vinyl 
ester matrix, the driving force for styrene withdrawal from the modifier is reduced by the 
modifier-matrix surface reaction. 
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From our studies of rubber-toughened vinyl esters (Chapter 2), we believed that 
by making the electrospun fibers reactive with the vinyl ester matrix, we could potentially 
eliminate the formation of voids around the fibers.  The focus of Chapters 5 and 6 was to 
change/control the surface energy and reactivity of the electrospun fibers with the vinyl 
ester resin.  In Chapter 5, we used atmospheric oxygen plasma to incorporate oxygen 
(mostly carboxylic acid, hydroxyl, peroxide, and carbonyl) groups to the surface of the 
fibers.  Next, we utilized silane chemistry (Chapter 6) to graft an organofunctional, 
crosslinked polysiloxane onto the surface of the fibers.  By varying several grafting 
parameters, we were able to control the yield/thickness of the polysiloxane on the surface.  
Additionally, the organofunctional silane precursors allowed us to tailor the reactivity of 
the polysiloxane, and subsequently electrospun fiber, with the matrix resin. 
The fiber-matrix interface significantly impacts the performance of a composite in 
a particular application.  In the present chapter, we characterized the effect of surface 
treatment on the interface between the electrospun fibers and vinyl ester resin.  The 
methyl-functional (MTMS) crosslinked polysiloxane provided a potential barrier to 
styrene diffusion into the fiber, while the vinyl-functional (VTMS) polysiloxane provided 
both reactivity with the matrix and a potential diffusive barrier to styrene.  ESEM 
analysis showed that the MTMS polysiloxane yielded voids while the VTMS 
polysiloxane eliminated voids.  Therefore, the fiber/modifier reactivity played a much 
more important role on void elimination than the crosslinked “shell” around the fibers. 
By eliminating voids, we were able to compare several composite systems in 
Chapter 7.  We investigated three interlayer-toughened composites/resins, where the 
interlayers contained electrospun mats with either no silane treatment, reactive silane 
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treatment (VTMS), or non-reactive silane treatment (MTMS).  Several composite 
properties were evaluated, including E’, Tg, flexural modulus, flexural strength, and G1c.  
We found that there was very little difference between the untreated and MTMS with 
respect to most of these properties, which is attributed to the ineffectiveness of the 
MTMS polysiloxane to prevent styrene diffusion into the electrospun fibers and the 
formation of voids.  In fact, both of these systems exhibited reduced modulus and 
strength from the unmodified composite.   
The most effective interlayer was the VTMS-grafted electrospun mat.  Since this 
system eliminated voids at the electrospun fiber-matrix interface within the interlayer, 
strength and modulus properties were not significantly compromised.  Increases of almost 
50 % mode I fracture toughness were exhibited by these composites. 
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CHAPTER 8:  CONCLUSIONS, FUTURE WORK, AND REFERENCES 
 
8.1. Summary 
 
 VE resins are some of the most commonly used matrices in composites 
worldwide due to their excellent material properties and ability to be processed at low 
cost.  Like most thermosetting resins, they experience brittle fracture and suffer from low 
fracture toughness.  Therefore, their use can only be in applications where high 
performance is not required.  Epoxy resins have similar properties as VEs, but are much 
more expensive to process due to high viscosity.  The cure behavior and compatibility of 
modifiers with epoxies, however, makes them a better candidate for toughening than VEs.  
The ability to improve fracture toughness in epoxies allows them to be utilized in high 
performance applications such as the aerospace industry. 
 The objective of this work was to improve the fracture toughness of VE 
composites while maintaining other material properties and processibility.  A novel 
toughening approach was proposed for these systems.  In this method, electrospun fibers 
were added as interlaminar layers in the VE composite.  The addition of these interlayers 
was expected to allow a crack to undergo more plastic deformation during delamination.  
Additionally, the fibers were anticipated to yield a morphology that would add other 
energy dissipating mechanisms during fracture that are comparable to other second phase 
toughened resins.  Throughout this work, the interlayer-toughening approach was 
compared to the more common composite toughening technique of resin toughening 
through rubber modification.  Both techniques involve the incorporation of a second 
phase into the VE resin; therefore, the interaction between the modifiers and VE is a very 
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important behavior.  The control variables discussed in Chapter 1 affect this interaction 
and consequently, the microstructure of the toughening element in the resin.  For rubber 
modification, these control variables include rubber reactivity and concentration.  The 
control variables for the electrospun interlayer-toughened systems are fiber reactivity and 
interlayer thickness.  The principle aim of this work was to develop and apply a 
methodology for tailoring the interphase behavior between vinyl ester and the toughening 
modifier.   
 The methodology which was proposed is summarized schematically in Figure 8.1.  
It has been applied successfully to investigate the vinyl ester-toughening modifier 
interaction in VE-matrix composites.  Three major steps form the basis for the 
methodology, which allows the composite performance affected by the second phase 
microstructure to be linked to the variables that control the formation of the second phase.   
The first step was to link the control variables of the toughening methods to the 
resulting second phase microstructure.  This was accomplished in Chapters 2, 3, and 4.  
In Chapter 2, the microstructure of rubber-toughened vinyl ester and epoxy was 
characterized and related to the properties of each resin system.  The comparison between 
vinyl ester and an epoxy system revealed that the cure behavior and rubber-resin 
compatibility for epoxy systems made them much more conducive for rubber toughening.  
The microstructure of the phase separated rubber in the epoxy system showed that the 
rubber is well-dispersed throughout the matrix phase and has good linkage to the matrix.  
The rubber morphology in the vinyl ester systems proved to depend heavily on the 
reactivity of the rubber.  A reactive rubber resulted in a morphology that was consistent 
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Control Variables
Chapter 2
Resin Modification
(Rubber Addition)
Chapters 3 & 4
Toughening through addition 
of electrospun interlayer
Chapters 5 & 6
Surface modification to 
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radiation and silane grafting 
techniques
Desired Composite 
Performance
Chapter 7
Resin and Composite 
Properties
 
 
Figure 8.1.  The relationship between the contents of Chapters 2-7 and the proposed 
methodology. 
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with the epoxy systems, although the levels of toughening were not as significant.  A 
non-reactive rubber had poor interaction with the vinyl ester and experienced the 
formation of voids around the rubber particle.  The voids potentially had a detrimental 
effect of composite properties.  The poor VE-rubber interaction and high levels of matrix 
plasticization provided the motivation to seek other methods of toughening. 
 Chapters 3 and 4 proposed an alternative method for toughening vinyl ester 
composites.  This technique requires the addition of an interlayer comprised of 
polysulfone electrospun fibers.  It was found that the same problem occurs at the fiber-
vinyl ester interface that occurs at the rubber-vinyl ester interface.  Since the fibers were 
non-reactive, the microstructure of the fibers contained voids along each fiber axis.   
 Chapters 2 – 4 indicated that a method for controlling the interface between vinyl 
ester and a non-reactive second phase was required for toughening these systems.  
Chapters 5 and 6 developed a method for using plasma radiation and silane grafting to 
control the surface characteristics, and thus the vinyl ester-modifier interphase, for 
polysulfone electrospun fibers.  We showed that we could control the network structure 
and amount of crosslinked polysiloxane to the fiber surface by changing the plasma 
exposure time and silane concentration. 
 Chapter 7 studied the effect of fiber surface modification on the microstructure of 
this second phase.  This chapter provided a final link from the modifier microstructure to 
resin and composite properties.  It was found that a reactive polysiloxane grafted 
structure was the most effective in eliminating the voids in the fiber-VE interphase.  The 
reactivity of the fibers limits the driving force for styrene removal after matrix gelation.  
By eliminating the voids within the interlayer, the performance of the composites was 
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greatly improved.  There was an increase in mode I fracture toughness, Tg, and flexural 
strength with very slight reductions in flexural modulus and ILSS.  The interlayer-
toughened systems compared well to the rubber-toughened systems.  In these composites, 
greater improvements in fracture toughness were realized, but the significant reductions 
in Tg, flexural modulus, and ILSS make this an unfeasible toughening method for VE-
composites. 
 
 
8.2. Resin Toughening 
 
 In Chapter 2, we studied the effects of rubber addition on the vinyl ester and 
epoxy resin properties.  The performance of each resin system was dependent upon the 
rubber-phase morphology.  Control variables such as rubber reactivity and content were 
related to the microstructure and material properties of the rubber-modified resins.   
 The epoxy systems studied in this chapter showed similar behavior to rubber-
modified epoxies reported in literature [2-16].  In general, the fracture toughness 
increased significantly with slight matrix plasticization.  The rubber phase morphology of 
these systems was strongly dependent upon rubber content and reactivity.  The size of the 
rubber domains in the matrix were directly proportional to the rubber added to the system.  
The reactivity of the modifier affected the microstructure in two manners.  First, the 
linkage of the rubber to the matrix was different for epoxy and amine-terminated rubber 
modifiers.  This affected that behavior of the particles during fracture, where cavitation 
was observed in some instances.  The second effect of reactivity was the pre-cure 
compatibility of the rubber modifier.  Some rubber modifiers were more soluble than 
others, affecting the separation of the rubber from the matrix phase and the resulting size 
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of the rubber domains.  In one instance, phase separation never occurred and the resin 
was significantly plasticized.  Depending on the reactivity of the rubber, the primary 
energy dissipating mechanism that improved fracture toughness included matrix shear 
yielding and either rubber-particle tearing or cavitation of the rubber particles.   
The rubber reactivity had a much more substantial impact on rubber phase 
morphology for vinyl esters than epoxies.  A reactive rubber modifier showed similar 
microstructures and fracture mechanisms for the vinyl ester as the epoxy.  A non-reactive 
rubber, however, had a detrimental interphacial interaction with the vinyl ester.  Voids 
formed around the entire diameter of the rubber particles.  It was proposed that styrene 
swells the rubber prior to cure for both rubber systems.  At the point of gelatin, the 
reactive vinyl ester matrix draws styrene from the rubber phase, causing the rubber phase 
to shrink away from the matrix and cause voids.  During cure, the reactive rubber 
covalently bonds to the matrix and there is no driving force for void formation.  The 
overall plasticization and poor VE-rubber interaction indicates that rubber toughening is 
generally ineffective for vinyl esters. 
 
8.3. Interlayer Toughening and Fiber-Matrix Interphase Control 
 
 The use of polysulfone electrospun fiber mats as interlayers provided an 
alternative means of toughening vinyl ester composites.  This proposed method of 
toughening was the focus of Chapters 3 and 4.  In this method, electrospun fiber mats are 
stacked in between each composite laminate.  During composite processing, the 
interlayer is infused with vinyl ester along with the reinforcing fibers.   
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 The composites containing the electrospun interlayers resulted in reduced ILSS 
and modulus.  Inspection of the interlayer morphology provided an explanation for these 
results.  It was found that voids formed around the fibers in the same manner as for the 
non-reactive rubber modifier.  Therefore, imbedding a non-reactive modifier into vinyl 
ester will generally lead to void formation around that phase due to the partitioning of 
styrene between phases. 
 In order to implement this toughening technique, the control of the electrospun 
fiber-VE interphase behavior was crucial.  Chapters 5 and 6 investigated methods to 
change the surface characteristics of the electrospun fibers.  In Chapter 5, oxygen-
containing groups were incorporated in the polysulfone structure using oxygen plasma 
radiation.  Chapter 6 studied the effects of silane grafting through the oxygen-functional 
groups added by the plasma.   
 Chapter 5 examined the effects of plasma exposure to the changes in polysulfone 
structure.  The incorporation of oxygen groups into the backbone occurs through a chain 
scission (caused by photo-oxidative degradation) of the π−π and sulfone bonds in the 
structure.  By varying the plasma composition and exposure time, we were able to control 
the chemical modification of the polymer surface.  When a reactive species such as 
oxygen is present in the plasma, the concentration of oxygen incorporated in the structure 
increases significantly.  Also, increasing exposure to plasma increases the amount of 
oxygen groups.  Another occurrence with increased plasma exposure is the type of 
oxygen groups incorporated on the surface.  As plasma exposure increases, the oxygen 
moieties become more oxidized, resulting in more carbonyl and carboxylic acid groups. 
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 The mechanism of chemical modification through chain scission during plasma 
treatment can have drawbacks.  The chain scission reduces the molecular weight of the 
polymer, thereby adversely affecting the material properties of the polysulfone.  It was 
found that the Tg decreases as much as 30°C with 8 minutes of plasma exposure.  
Additionally, we observed the presence of only one Tg for the polymer, indicating 
complete penetration of the plasma throughout the thickness of the fiber. 
 In Chapter 6, it was shown that we could tailor the grafted polysiloxane 
concentration and network structure by changing the plasma radiation time and silane 
concentration in solution during the grafting stage.  By increasing plasma exposure, the 
grafting yield and polysiloxane crosslink density both increase.  This is attributed to the 
presence of induced grafting sites on the polymer fiber surface.  The silane concentration 
proved to affect the length of the silanol chain prior to the grafting reaction.  This in turn, 
affected the grafting yield and network structure of the polysiloxane.  It was found that 
there is an optimum chain length, where the grafting yield can be maximized.  Also, as 
the silanol chain increased in length, the crosslink density of the grafted structure 
increased. 
 
8.4. Relation of Interphase to Resin and Composite Properties 
 
 As was shown in Chapter 3, a poor electrospun fiber-VE interface can have 
detrimental effects on composite properties.  We showed in Chapters 5 and 6 that we can 
control the surface characteristics of the interlayer fibers through radiation grafting 
techniques.  The objective of Chapter 7 was to link the interphase behavior of the 
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interlayer to resin and composite properties.  In all cases, we compared the performance 
of the interlayer-toughened systems to the rubber-toughened systems. 
 Two types of fiber surface modifications were investigated in this chapter:  a 
reactive and non-reactive polysiloxane grafted structure.  Since both systems were 
crosslinked, we could determine whether a crosslinked graft structure is effective in 
creating a barrier to styrene diffusion or whether the reactivity of the fibers was the 
dominant factor in the elimination of voids.  We discovered that the crosslinked 
polysiloxane structure provides very little resistance of styrene diffusion into the fibers, 
thus resulting in the formation of voids reminiscent of the unmodified fibers.  The 
reactive polysiloxane, however, showed a total reduction in void formation.   
The elimination of voids in the interlayer yielded a composite with superior 
performance.  The interlayer toughened system showed an increase in mode I fracture 
toughness, flexural strength, and Tg while experiencing negligible decreases in 
interlaminar shear strength (ILSS) and flexural modulus.  The rubber toughened 
composite showed the biggest improvement in mode I fracture toughness, however, 
suffered significant losses in other composite properties.  The Tg, flexural modulus, and 
ILSS showed were all sacrificed to achieve the higher level of fracture toughness.  The 
unmodified and non-reactive polysiloxane-modified composites also resulted in 
decreased ILSS, flexural modulus, and flexural strength with little increase in mode I 
fracture toughness. 
 
 
 
  
 267
8.5. Future Work 
 
 A significant amount of future investigation is warranted as a result of this work.  
An advantage of the methods developed in this project is that they are not specific to 
these materials and applications, but can be applied to any polymer-polymer system 
where the interphase behavior is detrimental to properties.  In the following section, 
future work that can build upon toughening vinyl ester matrix composites with 
electrospun interlayers is presented.  Additionally, a new direction of research is 
proposed using some of the methods described in this work.  The focus of this topic is the 
fabrication of polysiloxane-based nanotubes. 
 
8.5.1. Continuation of the Current Research 
 
 The following section provides several examples of future work than can be 
undertaken to develop a better understanding of certain processes and potentially improve 
upon the properties of the composites.  The future work is broken down into sections 
involving the plasma treatment, silane chemistry, and aspects of the composites 
themselves. 
 
8.5.1.1. Plasma Treatment 
In this work, we used oxygen plasma to incorporate oxygen moieties to the 
surface of the electrospun fibers.  The purpose of this modification was to use the oxygen 
groups to react organofunctional silane groups to the fiber surface.  Depending on the 
organofunctionality, we could tailor the reactivity of the fiber surface.  A potential way to 
control surface functionality is by changing the plasma medium.  For example, ammonia 
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plasma has shown the ability to incorporate amine groups to a polymer surface [66].  
Amine groups can react with vinyl ester through a Michael Addition.  In this scenario, a 
grafting step may not be necessary to improve the fiber interphase with vinyl ester.   
 
8.5.1.2. Silane Chemistry 
The parameters for the silane treatments of the plasma-modified fibers were 
selected based on parameters chosen in other work [138-142].  Conditions were chosen 
so that the silanes underwent rapid hydrolysis (i.e. excess water, pH of 3.5, and methoxy 
silanes).  In this work, we observed a strong dependence of grafting yield on silane 
concentration.  Our speculation was that the size of the silanol condensing onto the fiber 
surface was larger for solutions with high silane concentration in solution.  A detailed 
analysis of the hydrolysis-condensation behavior for these systems would validate this 
hypothesis.  The key reactions in the kinetics of a trialkoxysilane were summarized by 
Osterholtz and Pohl [146].  The hydrolysis and condensation of these silanes are given in 
equations 8.1 and 8.2, respectively.   
  OHCHOHSiROHexcessOCHSiR 323 3)(')(' +⇔+    [8.1] 
  OHROHOSiOHSiROHSiROHSiR 22233 ')()(')(')(' +⇔+  [8.2] 
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8.5.1.3. Composite Parameters 
• Interlayer thickness – A strong correlation exists between the interlayer thickness 
and property improvement for composites toughened via interlaminar toughening 
[138-142].  It was found that as the thickness of the interlayer increased, the 
delamination resistance increased as well.  A detrimental effect of increasing the 
interlayer in these systems was the increased weight and thickness of the 
composite.  The best results were found when the interleaving layer was more 
than three times the thickness of each laminate.  We investigated the thickness of 
the interlayer of untreated electrospun fibers in Chapter 3.  It was shown that 
increasing this thickness had detrimental effects on ILSS and modulus.  This 
behavior is attributed to the formation of voids around the electrospun fibers, 
where the concentration of voids in the composite increases with interlayer 
thickness.  The work presented in Chapter 7 showed that surface modification to 
the fibers improves the interphase properties in the interlayer and better helps the 
composite maintain its strong characteristics.  Therefore, future work should 
investigate the effects of interlayers with varying thicknesses that have controlled 
interphase behavior via the modification of the fibers. 
• Fiber size – The electrospinning process provides the ability to control the size of 
the fibers comprising the mat, and thus the second phase morphology in the 
interlayer.  Second phase resin-toughening shows a strong relationship between 
microstructure and toughening effects.  The fibers investigated in this work had 
an average diameter of roughly one micron.  Future work should entail looking at 
mats consisting of fibers that are below and above one micron. 
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• Electrospun Material – Polysulfone was the polymer of choice for toughening 
the vinyl ester composite in this work.  It was chosen because it has been found to 
toughen epoxy systems [79].  Other toughening thermoplastics include 
polyethersulfone, polycarbonate, and polyetherimide [79].  Future work should 
involve examination of other toughening materials to study the effects of 
reinforcing fiber properties on the fracture toughness of vinyl ester composites.  
The fracture toughness measurement performed in this work was DCB to determine 
the mode I delamination resistance.  Future work should involve a more thorough 
characterization of other delamination modes, some of which include: 
• Mode II 
• Mode III 
• Mixed Mode 
• Compression after Impact (CAI) 
• Delamination under Fatigue 
 
8.5.2. Future Direction of Research 
 
 The ability to graft a controlled polymer structure to the surface of a sub-micron 
fiber has potential applications in the fabrication of polymer nanotubes.  The idea of 
using an electrospun fiber as a template for nanotube fabrication was first developed by 
Greiner et. al [147,148].  In this method, they coated a thermally-degradable polymer 
with poly-(xylene) or metal powder.  The structural coating on the fiber had no 
mechanical stability because there was no chemical connectivity of the coated structure. 
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 With the technology developed in this work, the grafted polysiloxane structure 
has an inherent mechanical stability due to its network structure.  Figure 8.2 shows the 
proposed method for fabricated polymer nanotubes.  In the first step (Figure 8.2a), a fiber 
with controlled fiber diameter and alignment is irradiated to activate the surface.  (b) 
Then, the polysiloxane shell is grafted to the surface.  (c)  The template fiber is dissolved 
from the system.  Finally, (d) the solvent is removed through supercritical extraction as to 
limit damage to the tubes caused by capillary force-induced stresses. 
 Several advantages are associated with this technique.  First, the ability to control 
fiber diameter also gives the ability to control the inner diameter of the polymer 
nanotubes.  Next, the ability to control grafting yield and architecture allows one to 
control the wall thickness.  Finally, the ability to graft different polysiloxane network 
structures will allow designs for desired strength and chemical reactivity. 
 We have performed this technique under grafting conditions yielding different 
grafting yields and network structure.  In Figure 8.3, a lightly-crosslinked, low grafting 
yield polysiloxane is bonded to the fiber surface.  A few observations can be made from 
this figure.  First, the openings of the nanotubes are visible.  The inner diameter of the 
tube is on the order of 1.75 microns and the wall thickness is approximately 1 micron.  
Another observation is the transparency of the polysiloxane wall that is attributed to the 
low crosslink density and graft yield of the polysiloxane. 
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Polysulfone Polysiloxane 
“shell”
THF
(a) (b) (c) (d)  
Figure 8.2.  Proposed method for polymer nanotubes fabrication. 
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Figure 8.3:  Experimental evidence of the fabrication of polymer nanotubes using 
electrospun fibers as templates 
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APPENDIX A:  SINGLE EDGE NOTCH BEND (SENB)  
 
 
 
Nomenclature 
 
a notched length, cm 
B specimen thickness, cm 
W specimen width, cm 
x a/W, no units 
φ Energy calibration factor (no units) 
PQ Load, kN 
UQ uncorrected energy, J (note table values are converted to mJ) 
Ui sample indentation energy, J (note table values are converted to mJ) 
U corrected energy, J (note table values are converted to mJ) 
KQ trial K1c value, MPa·m½
GQ trial G1c value, kJ/m2 (note table values are converted to J/m2) 
 
 
Calculations 
 
 The specimen geometry in a SENB experiment is very important for obtaining 
plane strain conditions.  The specimen geometry, as defined by ASTM D 5045-95, should 
meet the following conditions: 
0.45 < a/W < 0.55 
2 < W/B < 4 
Typical load-displacement curves for SENB experiments are shown in Figure A1.  The 
area under the curve (UQ) was calculated numerically using KaleidagraphTM.  The total 
energy (U) used to calculate G1c and K1c must also account for the energy used in 
bending the specimen (Ui).  To measure this, load-displacement data is gathered for two 
samples that have no notch.  The area under these curves is calculated numerically.   
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Figure A1.  A typical load-displacement curve for a SENB test. 
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Figure A2.  Samples that have not been notched are used to measure the energy 
associated with sample indentation.  A second-order polynomial is used to obtain Ui as a 
function of load.   
 
 
 
 
 
 
 
 
 
 
  
 285
 
Using a second order polynomial fit, a function is generated that gives the Ui as a 
function of load.  An example of this fitting technique is given in Figure A2.   
The initiation of a sharp crack is performed with a razor blade.  The difficulty in 
this task is maintaining consistency from sample to sample.  In a poor crack is initiated, 
the values of G1c and K1c can be altered by plastic deformation taken to fully develop the 
crack.  One sign of plastic deformation is stress-whitening where the crack has been 
initiated.  Another energy-absorption event during fracture is when the crack changes 
planes, which can also affect fracture toughness values.  Therefore, it is imperative each 
sample be inspected that is used in the calculation of fracture toughness.  Figure A3 gives 
examples of both good and bad fractures.  The top picture shows a flat, glassy surface, 
which is ideal in these measurements.  The bottom picture shows a significant amount of 
plastic deformation at the crack-initiation site.  Therefore, this sample was not included in 
calculations.   
The important data obtained from the load-displacement curves is the load at 
break (PQ), the area under the curve (UQ), and the indentation energy (Ui).  Additionally, 
the specimen geometry is important in G1c and K1c calculations.   The value of a/W (x) 
influences the value of the energy calibration factor, φ, for the calculation of G1c.  
Equation A1 gives this expression.  The values of A and dA/dx are given in Equations A2 
and A3 respectively. 
dx/dA
64.18A +=φ          [A1] 
 
[ ]543222 x672.25x815.84x952.112x616.79x717.339.8)x1( x16A −+−+−⎥⎦
⎤⎢⎣
⎡
−=
 
     [A2] 
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Figure A3.  A normal occurrence in SENB is plastic deformation near the crack initiation.  
The top picture shows very little plastic deformation and gives a glass, smooth surface.  
Stress-whitening near the crack tip is one sign of extensive plastic deformation, as shown 
in the bottom picture. 
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     [A3] 
 
In a similar fashion, the a/W ratio affects the calculation of K1c through f(x), a calibration 
factor (Equation A4).  The fracture toughness values, given in Equations A5 and A6, can 
then be calculated. 
        [ ]2/3 22/1 )x1)(x21( x7.2x93.315.2)(x1(x99.1x6)x(f −+ +−−−=
)x(f)BWP(K 2/1QQ =
      [A4] 
 
                [A5] 
 
                      φBW
UG Q =         [A6] 
 
 
 
Data 
 
Unmodified Resins 
 
Epon 862
Sample a B W W/B a/W f(x) PQ KQ A dA/dx φ UQ Ui U GQ
cm cm cm kN MPa.m0.5 mJ mJ mJ J/m2
1 0.615 0.640 1.229 1.92 0.500 10.65 0.0654 0.982 37.20 226.7 0.246 7.202 4.014 3.188 164.5
2 0.592 0.607 1.232 2.03 0.480 10.02 0.0673 1.001 33.02 201.0 0.257 8.870 4.248 4.621 240.4
3 0.577 0.643 1.143 1.78 0.504 10.80 0.0397 0.624 38.22 233.2 0.244 3.324 1.476 1.849 103.2
4 0.592 0.635 1.217 1.92 0.486 10.21 0.0729 1.063 34.25 208.5 0.254 9.156 4.988 4.167 212.6
5 0.589 0.671 1.227 1.83 0.480 10.02 0.0831 1.121 33.00 200.9 0.257 10.394 6.474 3.920 185.4
6 0.594 0.587 1.227 2.09 0.484 10.14 0.0562 0.878 33.85 206.0 0.255 5.491 2.964 2.527 137.8
Average 0.945 174.0
St. Dev. 0.177 49.9  
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VE 828
Sample a B W W/B a/W f(x) PQ KQ A dA/dx φ UQ Ui U GQ
cm cm cm kN MPa.m0.5 mJ mJ mJ J/m2
1 0.742 0.540 1.448 2.68 0.512 11.08 0.0498 0.850 40.10 245.0 0.240 4.297 3.058 1.239 66.1
2 0.744 0.596 1.450 2.43 0.513 11.11 0.0495 0.766 40.31 246.4 0.239 4.875 3.023 1.853 89.6
3 0.745 0.528 1.451 2.75 0.513 11.12 0.0372 0.650 40.37 246.8 0.239 2.548 1.938 0.610 33.3
4 0.741 0.550 1.448 2.63 0.512 11.07 0.0534 0.893 40.08 244.9 0.240 5.211 3.399 1.812 95.0
5 0.640 0.620 1.270 2.05 0.504 10.79 0.0501 0.773 38.12 232.5 0.244 3.364 2.033 1.331 69.3
6 0.615 0.596 1.261 2.12 0.487 10.24 0.0522 0.798 34.46 209.8 0.253 4.675 2.973 1.702 89.5
7 0.630 0.605 1.246 2.06 0.506 10.84 0.0535 0.860 38.50 234.9 0.243 5.329 3.636 1.693 92.4
8 0.635 0.620 1.261 2.03 0.504 10.77 0.0508 0.786 38.01 231.8 0.244 3.240 2.048 1.192 62.4
Average 0.790 74.7
St. Dev. 0.070 21.2  
 
VE 834
Sample a B W W/B a/W f(x) PQ KQ A dA/dx φ UQ Ui U GQ
cm cm cm kN MPa.m0.5 mJ mJ mJ J/m2
1 0.605 0.615 1.209 1.97 0.500 10.65 0.0491 0.774 37.20 226.7 0.246 1.528 0.753 2.280 124.6
2 0.607 0.598 1.262 2.11 0.481 10.03 0.0670 1.001 33.12 201.6 0.257 1.466 0.722 2.188 112.9
3 0.610 0.630 1.260 2.00 0.484 10.13 0.0567 0.812 33.72 205.3 0.255 1.510 0.744 2.253 111.3
4 0.635 0.639 1.260 1.97 0.504 10.79 0.0499 0.751 38.13 232.6 0.244 1.279 0.630 1.909 97.2
Average 0.835 111.5
St. Dev. 0.114 11.2  
 
 
 
 
Polysulfone Toughened Epoxy-Amine Systems 
 
5 wt% UDEL P-1800 Polysulfone
Sample a B W W/B a/W f(x) PQ KQ A dA/dx φ UQ Ui U GQ
cm cm cm kN MPa.m0.5 mJ mJ mJ J/m2
1 0.620 0.050 1.293 2.33 0.479 9.99 0.0499 0.791 32.81 199.7 0.258 4.534 2.334 2.200 119.3
2 0.640 0.062 1.285 2.14 0.498 10.58 0.0615 0.954 36.76 224.0 0.247 6.269 3.551 2.718 142.0
3 0.630 0.052 1.283 2.20 0.491 10.36 0.0521 0.816 35.24 214.5 0.251 4.574 2.547 2.027 107.7
4 0.658 0.053 1.290 2.05 0.510 10.99 0.0531 0.816 39.51 241.3 0.241 5.791 2.643 3.148 160.7
5 0.648 0.057 1.290 2.13 0.502 10.72 0.0567 0.882 37.65 229.6 0.245 5.314 3.018 2.297 119.6
6 0.660 0.049 1.285 2.07 0.514 11.13 0.0488 0.773 40.48 247.5 0.239 4.284 2.229 2.055 108.0
7 0.640 0.053 1.285 2.14 0.498 10.58 0.0534 0.832 36.76 224.0 0.247 4.953 2.678 2.275 119.4
8 0.640 0.055 1.283 2.11 0.499 10.62 0.0555 0.856 36.98 225.3 0.247 5.173 2.883 2.290 119.2
Average 0.840 124.5
St. Dev. 0.058 18.0  
 
10 wt% UDEL P-1800 Polysulfone
Sample a B W W/B a/W f(x) PQ KQ A dA/dx φ UQ Ui U GQ
cm cm cm kN MPa.m0.5 mJ mJ mJ J/m2
1 0.635 0.081 1.306 2.10 0.486 10.20 0.0808 1.160 34.24 208.4 0.254 9.278 6.122 3.156 153.1
2 0.632 0.064 1.295 2.07 0.488 10.26 0.0640 0.923 34.63 210.8 0.253 6.324 3.835 2.490 121.7
3 0.632 0.065 1.308 2.06 0.483 10.11 0.0652 0.909 33.65 204.8 0.255 6.383 3.991 2.392 112.8
4 0.643 0.065 1.285 2.05 0.500 10.65 0.0653 0.978 37.20 226.7 0.246 6.343 4.001 2.342 117.9
5 0.643 0.056 1.285 2.03 0.500 10.65 0.0561 0.833 37.20 226.7 0.246 6.012 2.948 3.064 153.1
6 0.643 0.064 1.308 2.13 0.491 10.36 0.0640 0.944 35.27 214.8 0.251 6.433 3.845 2.588 128.2
7 0.643 0.077 1.288 2.09 0.499 10.62 0.0767 1.163 36.98 225.4 0.247 9.749 5.517 4.232 215.7
8 0.632 0.071 1.303 2.07 0.485 10.17 0.0709 1.002 34.03 207.2 0.254 6.888 4.706 2.181 104.5
Average 0.989 138.4
St. Dev. 0.118 35.9  
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Rubber Toughened Epoxy-Amine Systems 
 
10 wt% CTBN X8
Sample a B W W/B a/W f(x) PQ KQ A dA/dx φ UQ Ui U GQ
cm cm cm kN MPa.m0.5 mJ mJ mJ J/m2
1 0.632 0.081 1.275 1.98 0.496 10.52 0.0812 1.177 36.31 221.2 0.248 13.019 6.186 6.833 335.7
2 0.648 0.077 1.262 2.01 0.513 11.11 0.0774 1.219 40.29 246.3 0.239 15.725 5.616 10.109 533.4
3 0.635 0.073 1.278 2.07 0.497 10.55 0.0734 1.110 36.53 222.6 0.248 11.128 5.051 6.077 310.9
4 0.625 0.087 1.275 2.10 0.490 10.32 0.0867 1.306 35.01 213.2 0.252 14.478 7.050 7.428 381.3
5 0.632 0.079 1.273 2.09 0.497 10.55 0.0786 1.205 36.53 222.6 0.248 15.464 5.788 9.676 503.1
6 0.620 0.087 1.270 1.99 0.488 10.26 0.0866 1.237 34.58 210.5 0.253 14.740 7.035 7.704 376.4
7 0.630 0.083 1.273 1.96 0.495 10.48 0.0830 1.186 36.09 219.8 0.249 13.412 6.457 6.955 337.6
8 0.627 0.078 1.270 2.04 0.494 10.45 0.0777 1.158 35.87 218.4 0.250 11.565 5.660 5.905 299.4
9 0.622 0.085 1.267 2.07 0.491 10.35 0.0854 1.283 35.21 214.4 0.251 15.964 6.841 9.123 468.1
Average 1.209 394.0
St. Dev. 0.061 86.4  
 
5 wt% CTBN X13
Sample a B W W/B a/W f(x) PQ KQ A dA/dx φ UQ Ui U GQ
cm cm cm kN MPa.m0.5 mJ mJ mJ J/m2
1 0.592 0.075 1.227 1.87 0.482 10.08 0.0747 1.038 33.42 203.4 0.256 8.874 5.238 3.636 176.7
2 0.584 0.073 1.217 1.86 0.480 10.01 0.0734 1.021 32.97 200.7 0.257 8.599 5.051 3.548 173.7
3 0.597 0.074 1.222 1.87 0.489 10.27 0.0741 1.055 34.70 211.2 0.253 11.272 5.147 6.125 304.2
4 0.592 0.072 1.229 1.92 0.481 10.05 0.0718 1.017 33.22 202.2 0.256 7.628 4.834 2.794 138.5
5 0.584 0.077 1.224 1.87 0.477 9.92 0.0767 1.049 32.38 197.1 0.259 8.845 5.515 3.330 160.4
6 0.584 0.079 1.217 1.91 0.480 10.01 0.0790 1.125 32.97 200.7 0.257 10.115 5.854 4.261 213.6
7 0.551 0.078 1.219 1.87 0.452 9.20 0.0780 0.995 27.78 169.8 0.273 8.384 5.704 2.680 123.2
8 0.546 0.074 1.207 1.86 0.453 9.21 0.0741 0.956 27.88 170.4 0.273 10.815 5.154 5.661 264.3
Average 1.032 194.3
St. Dev. 0.049 62.6  
 
10 wt% CTBN X13
Sample a B W W/B a/W f(x) PQ KQ A dA/dx φ UQ Ui U GQ
cm cm cm kN MPa.m0.5 mJ mJ mJ J/m2
1 0.620 0.109 1.280 1.97 0.484 10.13 0.1085 1.495 33.78 205.6 0.255 18.514 11.040 7.474 352.2
2 0.617 0.110 1.285 1.99 0.480 10.01 0.1102 1.509 32.98 200.8 0.257 19.203 11.394 7.809 366.3
3 0.617 0.105 1.283 1.92 0.481 10.04 0.1048 1.391 33.18 201.9 0.257 15.506 10.295 5.211 237.0
4 0.650 0.086 1.257 1.81 0.517 11.26 0.0859 1.238 41.32 252.8 0.237 15.622 6.912 8.710 419.8
5 0.612 0.086 1.275 2.18 0.480 10.01 0.0863 1.309 32.95 200.6 0.257 13.960 6.984 6.976 364.1
6 0.620 0.096 1.262 1.97 0.491 10.35 0.0955 1.375 35.21 214.4 0.251 15.825 8.556 7.269 358.1
7 0.632 0.098 1.288 2.07 0.491 10.36 0.0979 1.436 35.25 214.6 0.251 16.081 8.991 7.090 352.3
8 0.622 0.086 1.252 2.07 0.497 10.55 0.0860 1.341 36.52 222.5 0.248 14.866 6.931 7.935 422.8
Average 1.387 359.1
St. Dev. 0.092 57.1  
 
10 wt% ATBN X35
Sample a B W W/B a/W f(x) PQ KQ A dA/dx φ UQ Ui U GQ
cm cm cm kN MPa.m0.5 mJ mJ mJ J/m2
1 0.549 0.150 1.303 1.98 0.421 8.41 0.1501 1.681 22.96 142.2 0.293 27.003 21.129 5.874 234.2
2 0.551 0.140 1.300 1.98 0.424 8.48 0.1402 1.590 23.35 144.4 0.291 22.307 18.429 3.879 156.5
3 0.544 0.136 1.288 1.97 0.422 8.43 0.1355 1.543 23.10 143.0 0.292 23.055 17.215 5.839 238.0
4 0.554 0.132 1.283 1.96 0.432 8.67 0.1318 1.539 24.51 151.0 0.286 21.071 16.289 4.783 199.1
5 0.546 0.133 1.295 1.97 0.422 8.42 0.1332 1.498 23.03 142.6 0.292 21.304 16.641 4.662 187.2
6 0.564 0.140 1.318 2.02 0.428 8.57 0.1405 1.606 23.93 147.7 0.288 24.037 18.495 5.542 223.4
7 0.551 0.137 1.278 1.95 0.431 8.66 0.1367 1.598 24.47 150.8 0.286 24.494 17.513 6.982 291.6
8 0.556 0.138 1.283 1.94 0.434 8.72 0.1375 1.603 24.82 152.7 0.285 24.522 17.730 6.792 281.8
Average 1.582 226.5
St. Dev. 0.055 45.8  
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10 wt% ATBN X45
Sample a B W W/B a/W f(x) PQ KQ A dA/dx φ UQ Ui U GQ
cm cm cm kN MPa.m0.5 mJ mJ mJ J/m2
1 0.650 0.085 1.280 2.04 0.508 10.92 0.0849 1.306 39.05 238.4 0.242 14.868 6.756 8.112 417.3
2 0.627 0.087 1.262 1.95 0.497 10.55 0.0866 1.255 36.53 222.5 0.248 17.542 7.028 10.514 518.7
3 0.643 0.080 1.267 1.98 0.507 10.89 0.0801 1.211 38.83 237.0 0.243 14.104 6.018 8.086 411.0
4 0.620 0.090 1.267 1.98 0.489 10.29 0.0903 1.289 34.79 211.8 0.252 15.408 7.638 7.770 379.6
5 0.638 0.083 1.265 1.95 0.504 10.79 0.0830 1.225 38.13 232.5 0.244 16.877 6.465 10.412 518.6
6 0.627 0.083 1.275 2.01 0.492 10.39 0.0829 1.201 35.44 215.8 0.251 14.184 6.450 7.734 381.2
7 0.620 0.083 1.270 1.96 0.488 10.26 0.0834 1.171 34.58 210.5 0.253 14.127 6.513 7.613 366.1
8 0.643 0.083 1.278 2.03 0.503 10.75 0.0828 1.251 37.89 231.0 0.245 13.581 6.435 7.147 362.9
9 0.625 0.090 1.273 1.96 0.491 10.35 0.0896 1.269 35.22 214.5 0.251 15.872 7.518 8.354 403.5
10 0.632 0.086 1.275 1.95 0.496 10.52 0.0859 1.225 36.31 221.2 0.248 14.134 6.915 7.219 349.1
Average 1.240 410.8
St. Dev. 0.041 60.8  
 
25 wt% Epon 58005
Sample a B W W/B a/W f(x) PQ KQ A dA/dx φ UQ Ui U GQ
cm cm cm kN MPa.m0.5 mJ mJ mJ J/m2
1 0.620 0.088 1.267 2.06 0.489 10.29 0.0881 1.310 34.79 211.8 0.252 15.170 7.284 7.886 401.2
2 0.605 0.104 1.273 2.10 0.475 9.85 0.1035 1.490 31.96 194.6 0.260 18.264 10.044 8.220 409.2
3 0.607 0.101 1.267 2.09 0.479 9.97 0.1013 1.478 32.73 199.2 0.258 18.852 9.617 9.236 465.5
4 0.625 0.097 1.270 2.04 0.492 10.38 0.0969 1.434 35.43 215.8 0.251 16.962 8.793 8.168 412.4
5 0.620 0.099 1.275 2.02 0.486 10.19 0.0988 1.411 34.17 208.0 0.254 20.031 9.157 10.874 531.1
6 0.625 0.093 1.270 2.02 0.492 10.38 0.0929 1.360 35.43 215.8 0.251 16.472 8.099 8.373 417.6
7 0.635 0.097 1.270 1.96 0.500 10.65 0.0970 1.415 37.20 226.7 0.246 19.371 8.814 10.557 521.1
8 0.622 0.098 1.270 2.07 0.490 10.32 0.0983 1.471 35.00 213.1 0.252 18.397 9.064 9.333 476.9
Average 1.421 454.4
St. Dev. 0.062 52.0  
 
25 wt% Epon 58006
Sample a B W W/B a/W f(x) PQ KQ A dA/dx φ UQ Ui U GQ
cm cm cm kN MPa.m0.5 mJ mJ mJ J/m2
1 0.627 0.072 1.240 2.02 0.506 10.86 0.0720 1.142 38.62 235.7 0.243 13.242 4.854 8.388 453.1
2 0.630 0.078 1.295 2.08 0.486 10.20 0.0782 1.127 34.22 208.3 0.254 12.114 5.736 6.378 311.8
3 0.620 0.084 1.285 2.07 0.482 10.07 0.0841 1.206 33.38 203.2 0.256 12.733 6.633 6.099 299.1
4 0.645 0.080 1.288 2.08 0.501 10.68 0.0797 1.210 37.43 228.1 0.246 12.458 5.948 6.510 331.9
5 0.627 0.078 1.280 2.08 0.490 10.32 0.0785 1.165 35.02 213.2 0.252 11.835 5.772 6.064 306.2
6 0.635 0.082 1.295 2.03 0.490 10.33 0.0820 1.167 35.05 213.4 0.252 12.801 6.309 6.492 312.4
7 0.625 0.097 1.290 1.98 0.484 10.14 0.0969 1.325 33.80 205.7 0.255 17.024 8.802 8.222 383.0
8 0.627 0.065 1.247 2.28 0.503 10.75 0.0652 1.150 37.90 231.1 0.245 10.228 3.988 6.240 374.5
9 0.627 0.089 1.283 2.09 0.489 10.29 0.0891 1.318 34.82 211.9 0.252 14.935 7.450 7.485 376.4
10 0.630 0.080 1.273 2.04 0.495 10.48 0.0799 1.188 36.09 219.8 0.249 13.785 5.979 7.806 394.3
Average 1.200 354.3
St. Dev. 0.069 50.0  
 
20 wt% Epon 58034
Sample a B W W/B a/W f(x) PQ KQ A dA/dx φ UQ Ui U GQ
cm cm cm kN MPa.m0.5 mJ mJ mJ J/m2
1 0.612 0.084 1.280 2.11 0.478 9.95 0.0841 1.217 32.57 198.3 0.258 13.709 6.623 7.087 353.1
2 0.630 0.084 1.275 2.14 0.494 10.45 0.0836 1.297 35.87 218.5 0.250 16.061 6.555 9.506 500.5
3 0.622 0.090 1.288 2.13 0.483 10.11 0.0899 1.324 33.59 204.5 0.255 15.023 7.574 7.448 374.5
4 0.610 0.088 1.270 2.14 0.480 10.01 0.0882 1.318 32.94 200.5 0.257 16.309 7.297 9.012 464.1
5 0.622 0.088 1.285 2.12 0.484 10.14 0.0879 1.294 33.79 205.7 0.255 15.017 7.240 7.777 391.0
6 0.625 0.076 1.265 2.08 0.494 10.45 0.0760 1.163 35.86 218.4 0.250 15.090 5.416 9.674 504.9
7 0.615 0.084 1.285 2.14 0.478 9.95 0.0837 1.220 32.59 198.4 0.258 13.392 6.561 6.831 341.9
8 0.622 0.079 1.275 2.11 0.488 10.26 0.0793 1.192 34.59 210.6 0.253 12.481 5.901 6.580 337.7
Average 1.253 408.5
St. Dev. 0.062 70.5  
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20 wt% Epon 58042
Sample a B W W/B a/W f(x) PQ KQ A dA/dx φ UQ Ui U GQ
cm cm cm kN MPa.m0.5 mJ mJ mJ J/m2
1 0.630 0.101 1.275 1.97 0.494 10.45 0.1013 1.448 35.87 218.5 0.250 18.738 9.622 9.115 442.3
2 0.620 0.092 1.267 1.98 0.489 10.29 0.0919 1.311 34.79 211.8 0.252 16.411 7.911 8.500 415.3
3 0.625 0.090 1.262 1.97 0.495 10.48 0.0902 1.314 36.08 219.8 0.249 15.290 7.620 7.670 381.2
4 0.630 0.098 1.283 2.00 0.491 10.36 0.0975 1.393 35.24 214.5 0.251 17.442 8.913 8.528 413.6
5 0.645 0.093 1.270 1.97 0.508 10.93 0.0927 1.393 39.06 238.4 0.242 18.873 8.057 10.815 545.4
6 0.625 0.095 1.270 1.96 0.492 10.38 0.0945 1.345 35.43 215.8 0.251 15.936 8.375 7.562 366.8
7 0.625 0.095 1.273 1.96 0.491 10.35 0.0947 1.336 35.22 214.5 0.251 17.140 8.404 8.736 420.3
8 0.622 0.092 1.255 1.94 0.496 10.51 0.0923 1.342 36.30 221.1 0.248 16.738 7.978 8.760 435.5
9 0.620 0.092 1.265 1.95 0.490 10.32 0.0915 1.292 35.00 213.1 0.252 15.001 7.855 7.146 345.1
Average 1.353 418.4
St. Dev. 0.050 57.5  
 
5 wt% CTBNx8 + 5 wt% ATBNx35
Sample a B W W/B a/W f(x) PQ KQ A dA/dx φ UQ Ui U GQ
cm cm cm kN MPa.m0.5 mJ mJ mJ J/m2
1 0.605 0.099 1.250 2.02 0.484 10.12 0.0986 1.440 33.70 205.1 0.255 16.172 9.114 7.059 357.2
2 0.607 0.101 1.247 1.99 0.487 10.22 0.1010 1.473 34.32 208.9 0.253 17.424 9.566 7.858 396.2
3 0.610 0.089 1.245 2.03 0.490 10.31 0.0894 1.350 34.96 212.8 0.252 14.017 7.491 6.526 340.2
4 0.610 0.087 1.247 1.99 0.489 10.28 0.0868 1.274 34.75 211.5 0.252 13.097 7.061 6.036 305.7
5 0.607 0.092 1.247 1.97 0.487 10.22 0.0922 1.334 34.32 208.9 0.253 14.324 7.978 6.347 317.4
6 0.610 0.098 1.252 1.99 0.487 10.22 0.0979 1.420 34.33 209.0 0.253 16.285 8.993 7.292 364.7
7 0.610 0.099 1.247 1.99 0.489 10.28 0.0991 1.454 34.75 211.5 0.252 16.548 9.201 7.347 372.1
8 0.602 0.101 1.252 1.90 0.481 10.03 0.1008 1.368 33.08 201.4 0.257 18.284 9.533 8.751 412.0
Average 1.389 358.2
St. Dev. 0.069 36.5  
 
5 wt% CTBNx8 + 5 wt% UDEL
Sample a B W W/B a/W f(x) PQ KQ A dA/dx φ UQ Ui U GQ
cm cm cm kN MPa.m0.5 mJ mJ mJ J/m2
1 0.663 0.089 1.283 1.99 0.517 11.24 0.0893 1.375 41.23 252.3 0.237 14.076 7.482 6.594 335.7
2 0.714 0.096 1.293 2.02 0.552 12.66 0.0959 1.668 51.23 318.9 0.219 13.036 8.619 4.417 243.6
3 0.648 0.079 1.280 2.02 0.506 10.85 0.0791 1.196 38.58 235.4 0.243 11.031 5.871 5.160 261.1
4 0.632 0.085 1.280 2.08 0.494 10.45 0.0852 1.280 35.88 218.5 0.250 12.011 6.801 5.210 265.4
5 0.645 0.077 1.280 1.95 0.504 10.79 0.0769 1.115 38.11 232.5 0.244 11.377 5.550 5.827 283.4
6 0.660 0.086 1.303 2.09 0.507 10.88 0.0864 1.318 38.78 236.7 0.243 12.705 6.995 5.711 289.1
7 0.655 0.080 1.275 2.00 0.514 11.14 0.0800 1.237 40.51 247.6 0.239 11.422 5.997 5.424 279.4
8 0.655 0.081 1.298 2.09 0.505 10.82 0.0812 1.239 38.33 233.8 0.244 11.337 6.181 5.156 262.0
Average 1.303 277.5
St. Dev. 0.167 27.7  
 
 
 
Rubber Toughened Vinyl Esters 
 
4 wt. % ETBN in VE 828
Sample a B W W/B a/W f(x) PQ KQ A dA/dx φ UQ Ui U GQ
cm cm cm kN MPa.m0.5 mJ mJ mJ J/m2
1 0.758 0.657 1.464 2.23 0.518 11.28 0.1064 1.510 41.47 253.8 0.237 19.557 7.421 12.136 533.0
2 0.752 0.680 1.458 2.14 0.516 11.20 0.0959 1.307 40.92 250.3 0.238 16.999 6.172 10.827 458.7
3 0.747 0.654 1.453 2.22 0.514 11.14 0.1042 1.472 40.52 247.7 0.239 17.923 7.148 10.776 474.8
4 0.754 0.700 1.461 2.09 0.517 11.23 0.1097 1.457 41.15 251.8 0.237 19.171 7.837 11.334 467.1
5 0.749 0.703 1.455 2.07 0.515 11.17 0.1109 1.461 40.73 249.1 0.238 18.939 7.998 10.941 448.6
Average 1.439 476.4
St. Dev. 0.061 33.1  
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8 wt. % ETBN in VE 828
Sample a B W W/B a/W f(x) PQ KQ A dA/dx φ UQ Ui U GQ
cm cm cm kN MPa.m0.5 mJ mJ mJ J/m2
1 0.601 0.605 1.228 2.03 0.489 10.29 0.0963 1.479 34.82 212.0 0.252 28.242 10.827 17.415 930.2
2 0.615 0.605 1.242 2.05 0.495 10.48 0.0775 1.205 36.06 219.6 0.249 18.838 7.334 11.504 615.2
3 0.617 0.599 1.245 2.08 0.496 10.51 0.0934 1.468 36.29 221.1 0.248 27.629 10.251 17.378 937.4
4 0.612 0.589 1.240 2.10 0.494 10.45 0.0814 1.296 35.84 218.2 0.250 19.052 8.006 11.046 605.8
6 0.605 0.626 1.232 1.97 0.491 10.34 0.0941 1.400 35.16 214.1 0.251 22.569 10.381 12.188 628.8
7 0.616 0.627 1.243 1.98 0.495 10.50 0.0957 1.436 36.18 220.3 0.249 26.914 10.717 16.197 834.7
8 0.621 0.630 1.248 1.98 0.497 10.56 0.1007 1.511 36.63 223.2 0.248 28.941 11.746 17.195 882.9
Average 1.399 776.4
St. Dev. 0.105 153.4  
 
4 wt. % VTBN in VE 828
Sample a B W W/B a/W f(x) PQ KQ A dA/dx φ UQ Ui U GQ
cm cm cm kN MPa.m0.5 mJ mJ mJ J/m2
1 0.593 0.616 1.234 2.00 0.480 10.02 0.0819 1.199 33.03 201.0 0.257 14.051 7.047 7.004 358.4
2 0.593 0.617 1.234 2.00 0.480 10.02 0.0827 1.208 33.03 201.0 0.257 14.423 7.156 7.267 371.1
3 0.597 0.608 1.238 2.04 0.482 10.07 0.0850 1.265 33.35 203.0 0.256 15.063 7.514 7.549 391.3
4 0.601 0.611 1.242 2.03 0.484 10.12 0.0682 1.013 33.68 205.0 0.255 10.420 5.157 5.262 271.7
5 0.589 0.641 1.231 1.92 0.479 9.97 0.0726 1.018 32.71 199.1 0.258 11.187 5.739 5.449 267.7
Average 1.137 332.0
St. Dev. 0.145 58.1  
 
8 wt. % VTBN in VE 828
Sample a B W W/B a/W f(x) PQ KQ A dA/dx φ UQ Ui U GQ
cm cm cm kN MPa.m0.5 mJ mJ mJ J/m2
1 0.648 0.603 1.251 2.07 0.518 11.28 0.0818 1.368 41.47 253.8 0.237 14.725 7.358 7.367 412.2
2 0.640 0.610 1.243 2.04 0.515 11.17 0.0980 1.610 40.72 249.0 0.238 20.357 10.234 10.124 560.3
3 0.634 0.605 1.237 2.05 0.512 11.08 0.0871 1.436 40.11 245.1 0.240 16.430 8.248 8.181 456.4
4 0.638 0.597 1.241 2.08 0.514 11.13 0.0894 1.497 40.48 247.4 0.239 18.574 8.645 9.929 561.1
5 0.646 0.605 1.250 2.07 0.517 11.26 0.0944 1.572 41.34 253.0 0.237 18.733 9.544 9.189 513.1
6 0.639 0.605 1.242 2.05 0.514 11.15 0.0929 1.537 40.60 248.2 0.239 18.290 9.269 9.021 503.5
7 0.632 0.608 1.236 2.03 0.512 11.06 0.0941 1.539 39.99 244.3 0.240 18.593 9.489 9.104 504.7
Average 1.453 501.6
St. Dev. 0.175 53.5  
 
 
PSU Nanofiber Toughened 
 
VTMS-treated PSU fibers in 411-c50
Sample a B W W/B a/W f(x) PQ KQ A dA/dx φ UQ Ui U GQ
cm cm cm kN MPa.m0.5 mJ mJ mJ J/m2
1 0.617 0.455 1.262 2.78 0.489 10.29 0.0465 0.937 34.78 211.7 0.252 9.456 3.384 6.071 419.3
2 0.658 0.559 1.339 2.40 0.491 10.37 0.0770 1.235 35.32 215.0 0.251 14.649 7.595 7.055 375.9
Average 1.086 397.6
St. Dev. 0.211 30.7  
 
MTMS-treated PSU fibers in 411-c50
Sample a B W W/B a/W f(x) PQ KQ A dA/dx φ UQ Ui U GQ
cm cm cm kN MPa.m0.5 mJ mJ mJ J/m2
1 0.632 0.526 1.181 2.25 0.535 11.96 0.0450 0.941 46.23 285.0 0.228 10.762 4.617 6.145 434.8
2 0.627 0.483 1.184 2.45 0.530 11.74 0.0378 0.844 44.71 274.9 0.230 7.588 1.632 5.956 452.5
Average 0.893 443.6
St. Dev. 0.068 12.5  
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APPENDIX B:  DOUBLE CANTILEVER BEAM (DCB) 
 
 
 
Nomenclature 
 
a  delamination length 
b  specimen width 
h  specimen thickness 
δ  load point displacement 
P  load 
G1  strain energy release rate 
G1 prop strain energy release rate during crack propagation 
m  propagating delamination length 
 
 
 
Procedure 
 
 Mode I fracture toughness of the composites studied in this work was measured 
using the double cantilever beam (DCB) method.  Testing procedures were compliant 
with ASTM D 5528-94a.  During delamination, measurements were taken at various 
delamination lengths, a. G1 was calculate for each point using equation B1.  The data for 
all experiments is given below. 
 
ba2
P3G1
δ=             B1 
 
δ
P
P
a
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DCB Sample Data 
 
Sample 411-C50 Sample 1 
b  0.782 inches 
h  0.132 inches 
a0  1.540 inches 
G1 (prop) 670 ± 40 J/m2
 
a (mm) a(m) (in) a (in.) δ (in) P (lbf) G1 (lbf/in) G1 (J/m2) 
1 0.039 1.559 0.180 7.08 1.568 274.5 
2 0.079 1.599 0.234 8.49 2.384 417.4 
4 0.157 1.677 0.265 9.23 2.797 489.8 
5 0.197 1.717 0.300 9.75 3.268 572.3 
6 0.236 1.756 0.320 10.11 3.534 618.8 
7 0.276 1.796 0.356 10.03 3.814 668.0 
8 0.315 1.835 0.394 9.75 4.016 703.3 
10 0.394 1.914 0.400 9.20 3.690 646.2 
15 0.591 2.111 0.497 9.45 4.269 747.5 
20 0.787 2.307 0.550 8.53 3.900 683.0 
25 0.984 2.504 0.695 7.54 4.014 702.9 
30 1.181 2.701 0.750 6.79 3.616 633.3 
35 1.378 2.898 0.930 6.70 4.124 722.3 
40 1.575 3.095 1.025 5.90 3.748 656.4 
45 1.772 3.292 1.050 5.78 3.537 619.4 
50 1.969 3.489 1.160 5.74 3.661 641.2 
55 2.165 3.685 1.180 5.15 3.163 553.9 
65 2.559 4.079 1.450 5.23 3.566 624.5 
70 2.756 4.276 1.680 5.29 3.987 698.2 
0
100
200
300
400
500
600
700
800
0.0 0.5 1.0 1.5 2.0 2.5 3.0
a(m) inches
G
1 
(J
/m
2)
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Sample 411-C50 Sample 2 
b  0.774 inches 
h  0.129 inches 
a0  1.550 inches 
G1 (prop) 730 ± 30 J/m2
 
 
δ (in) a (mm) a(m) (in) a (in.) P (lbf) G1 (lbf/in) G1 (J/m2) 
1 0.039 1.559 0.150 6.070 1.132 198.2 
2 0.079 1.599 0.157 6.310 1.201 210.3 
3 0.118 1.638 0.206 7.950 1.937 339.3 
4 0.157 1.677 0.217 8.210 2.058 360.5 
5 0.197 1.717 0.266 9.360 2.810 492.2 
6 0.236 1.756 0.338 10.540 3.931 688.5 
7 0.276 1.796 0.377 10.630 4.325 757.5 
9 0.354 1.874 0.390 10.430 4.206 736.6 
10 0.394 1.914 0.403 10.530 4.297 752.6 
15 0.591 2.111 0.418 10.460 4.015 703.1 
 
0
100
200
300
400
500
600
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0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
a(m) inches
G
1 
(J
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Sample 411-C50 Sample 3 
b  0.774 inches 
h  0.129 inches 
a0  1.550 inches 
G1 (prop) 730 ± 30 J/m2
 
 
a (mm) a(m) (in) a (in.) δ (in) P (lbf) G1 (lbf/in) G1 (J/m2) 
1 0.039 1.546 0.160 7.140 1.443 252.7 
2 0.079 1.586 0.175 7.710 1.662 291.0 
3 0.118 1.625 0.195 8.380 1.964 343.9 
4 0.157 1.664 0.236 9.430 2.611 457.3 
5 0.197 1.704 0.300 11.400 3.920 686.6 
6 0.236 1.743 0.316 10.540 3.732 653.5 
7 0.276 1.783 0.337 10.510 3.881 679.6 
8 0.315 1.822 0.346 10.660 3.954 692.4 
9 0.354 1.861 0.380 10.430 4.159 728.3 
10 0.394 1.901 0.403 10.260 4.249 744.1 
15 0.591 2.098 0.495 10.390 4.789 838.7 
20 0.787 2.294 0.563 9.500 4.553 797.3 
25 0.984 2.491 0.681 8.790 4.693 821.9 
30 1.181 2.688 0.746 8.150 4.418 773.6 
35 1.378 2.885 0.897 7.950 4.828 845.5 
40 1.575 3.082 1.060 6.910 4.642 812.9 
45 1.772 3.279 1.120 7.000 4.670 817.9 
50 1.969 3.476 1.350 6.450 4.893 857.0 
 
0
100
200
300
400
500
600
700
800
900
0.0 0.5 1.0 1.5 2.0
a(m) inches
G
1 
(J
/m
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Sample 411-C50 Sample 4 
b  0.768 inches 
h  0.134 inches 
a0  1.593 inches 
G1 (prop) 740 ± 70 J/m2
 
 
a (mm) a(m) (in) a (in.) δ (in) P (lbf) G1 (lbf/in) G1 (J/m2) 
0 0.000 1.632 0.150 5.740 180.5 1.030 
1 0.039 1.671 0.160 1.335 233.8 
0.079 
1.750 0.195 8.380 319.4 
4 0.157 1.789 9.430 425.4 
11.400 
10.540 
10.510 
10.660 
10.430 
10.260 
10.390 
9.500 
8.790 
8.150 
7.950 
6.910 
7.000 
6.450 
7.140 
2 1.711 0.175 7.710 1.540 269.8 
3 0.118 1.824 
0.236 2.429 
5 0.197 1.829 0.300 3.652 639.6 
6 0.236 1.868 0.316 3.482 609.8 
7 0.276 1.908 0.337 3.626 635.1 
8 0.315 1.947 0.346 3.700 648.0 
9 0.354 1.986 0.380 3.897 682.5 
10 0.394 2.026 0.403 3.987 698.2 
15 0.591 2.223 0.495 4.520 791.5 
20 0.787 2.419 0.563 4.318 756.1 
25 0.984 2.616 0.681 4.469 782.6 
30 1.181 2.813 0.746 4.221 739.3 
35 1.378 3.010 0.897 4.627 810.4 
40 1.575 3.207 1.060 4.461 781.3 
45 1.772 3.404 1.120 4.499 787.9 
50 1.969 3.601 1.350 4.723 827.2 
 
0
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Sample 411-C50 Sample 5 
b  0.748 inches 
h  0.128 inches 
a0  1.601 inches 
G1 (prop) 860 ± 50 J/m2
 
 
a (mm) a(m) (in) a (in.) δ (in) P (lbf) G1 (lbf/in) G1 (J/m2) 
1 0.039 1.640 0.204 7.210 1.798 314.9 
3 0.118 1.719 0.301 9.540 3.350 586.6 
5 0.197 1.798 0.363 10.670 4.320 756.6 
6 0.236 1.837 0.378 10.880 4.489 786.1 
8 0.315 0.415 
0.451 
0.556 
0.698 
0.770 
0.950 
1.070 
1.350 
1.390 
1.916 10.700 4.648 813.9 
10 0.394 1.995 10.890 4.938 864.7 
15 0.591 2.192 9.450 4.808 842.0 
20 0.787 2.388 9.200 5.392 944.2 
25 0.984 2.585 8.360 4.993 874.5 
30 1.181 2.782 7.710 5.280 924.6 
35 1.378 2.979 6.830 4.920 861.6 
45 1.772 3.373 6.500 5.218 913.7 
50 1.969 3.570 5.870 4.584 802.8 
 
0
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Sample Untreated Interlayer Sample 1 
a0  1.648 inches 
G1 (prop) 1160 ± 190 J/m2
a(m) (in) 
b  0.747 inches 
h  0.125 inches 
 
 
a (mm) a (in.) δ (in) P (lbf) G1 (lbf/in) G1 (J/m2) 
1 0.039 1.510 1.648 0.150 8.262 264.4 
2 0.079 0.174 1.879 
3.294 
3.802 
4.939 
4.965 
5.704 
5.910 
6.599 
7.276 
7.436 
6.494 
7.406 
1.688 9.078 329.1 
3 0.118 1.727 0.244 11.611 576.9 
4 0.157 1.766 0.271 12.342 665.8 
5 0.197 1.806 0.325 13.668 865.0 
6 0.236 1.845 0.333 13.702 869.6 
8 0.315 1.924 0.380 14.382 998.9 
9 0.354 1.963 0.398 14.518 1035.0 
10 0.394 2.003 0.435 15.130 1155.7 
15 0.591 2.200 0.488 13.498 6.013 1053.1 
20 0.787 2.396 0.610 13.170 6.732 1178.9 
25 0.984 2.593 0.752 12.495 1274.2 
30 1.181 2.790 0.856 12.070 1302.2 
35 1.378 2.987 0.918 10.523 1137.3 
40 1.575 3.184 1.157 10.149 1297.0 
45 1.772 3.381 1.398 10.506 8.724 1527.8 
50 1.969 3.578 1.480 8.959 7.442 1303.4 
55 2.165 3.774 1.570 8.840 7.384 1293.1 
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Sample Untreated Interlayer Sample 2 
b  0.822 inches 
h  0.126 inches 
a0  1.658 inches 
G1 (prop) 720 ± 40 J/m2
 
 
a (mm) a(m) (in) a (in.) δ (in) P (lbf) G1 (lbf/in) G1 (J/m2) 
0 0.000 1.638 0.140 8.245 1.286 225.2 
2 0.079 0.153 1.440 
2.798 
2.990 
0.197 1.835 0.293 13.549 691.4 
6 0.236 0.321 13.685 4.277 
9 0.354 1.992 0.342 13.311 730.2 
10 2.032 0.360 13.413 
2.229 0.425 12.444 
2.425 0.491 11.186 
2.622 3.770 
2.819 
3.016 
3.213 
3.607 
1.717 8.857 252.3 
3 0.118 1.756 0.225 11.968 490.0 
4 0.157 1.795 0.238 12.359 523.5 
5 3.948 
1.874 749.0 
8 0.315 1.953 0.330 13.039 4.021 704.1 
4.170 
0.394 4.337 759.5 
15 0.591 4.331 758.4 
20 0.787 4.132 723.7 
25 0.984 0.565 9.588 660.2 
30 1.181 0.600 9.724 3.777 661.4 
35 1.378 0.846 9.010 4.612 807.7 
40 1.575 0.896 8.109 4.127 722.7 
50 1.969 1.080 5.660 3.093 541.7 
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Sample Untreated Interlayer Sample 3 
b  0.841 inches 
a0  1.658 inches 
G1 (prop) 610 ± 50 J/m2
a (in.) 
h  0.124 inches 
 
 
a (mm) a(m) (in) δ (in) P (lbf) G1 (lbf/in) G1 (J/m2) 
1 0.039 1.697 0.174 9.758 1.784 312.5 
2 0.079 1.737 0.207 10.914 
1.776 0.254 12.155 
1.815 0.261 12.104 
3.234 
2.320 406.3 
3 0.118 3.100 543.0 
4 0.157 3.104 543.5 
5 0.197 1.855 0.285 12.546 3.438 602.1 
6 0.236 1.894 0.301 12.512 3.546 621.0 
7 0.276 1.934 0.310 12.733 3.641 637.6 
8 0.315 1.973 0.319 12.954 3.736 654.2 
9 0.354 2.012 0.359 12.750 4.057 710.5 
10 0.394 2.052 0.366 11.849 3.770 660.2 
15 0.591 2.249 0.399 10.217 566.3 
20 0.787 2.445 0.464 9.605 3.251 569.3 
25 0.984 2.642 0.575 8.245 3.200 560.4 
30 1.181 2.839 0.658 7.956 3.289 576.0 
35 1.378 3.036 0.717 7.208 3.036 531.7 
40 1.575 3.233 0.859 7.259 3.440 602.5 
45 1.772 3.430 1.009 7.123 3.738 654.6 
50 1.969 3.627 1.030 6.290 3.186 558.0 
55 2.165 3.823 1.200 6.426 3.597 630.0 
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Sample Untreated Interlayer Sample 4 
a0  1.629 inches 
G1 (prop) 690 ± 90 J/m2
a(m) (in) 
b  0.822 inches 
h  0.125 inches 
 
 
a (mm) a (in.) δ (in) P (lbf) G1 (lbf/in) G1 (J/m2) 
1 0.039 1.589 0.090 5.695 0.588 103.1 
2 0.079 1.672 
0.118 0.200 2.436 
2.623 
2.800 
3.166 
3.250 
3.856 
4.241 
4.520 
4.015 
3.812 
3.471 
3.147 
1.629 0.159 9.384 292.8 
3 1.668 11.135 426.6 
4 0.157 1.707 0.212 11.577 459.4 
5 0.197 1.747 0.223 12.019 490.3 
6 0.236 1.786 0.246 12.597 554.4 
7 0.276 1.826 0.262 12.410 569.2 
8 0.315 1.865 0.305 12.920 675.3 
9 0.354 1.904 0.330 13.413 742.8 
10 0.394 1.944 0.354 13.600 791.6 
15 0.591 2.141 0.434 12.750 4.717 826.1 
20 0.787 2.337 0.487 10.744 4.085 715.4 
25 0.984 2.534 0.554 10.064 703.1 
30 1.181 2.731 0.593 9.622 667.7 
35 1.378 2.928 0.674 8.262 607.8 
40 1.575 3.125 0.722 7.463 551.1 
45 1.772 3.322 0.923 7.701 3.905 683.9 
55 2.165 3.715 1.060 6.715 3.496 612.2 
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Sample Untreated Interlayer Sample 5 
b  0.822 inches 
h  0.125 inches 
a0  1.629 inches 
G1 (prop) 690 ± 90 J/m2
G1 (J/m2) 
 
 
a (mm) a(m) (in) a (in.) δ (in) P (lbf) G1 (lbf/in) 
1 0.039 1.630 0.144 9.605 1.456 255.0 
2 0.079 1.670 0.163 10.387 1.740 304.8 
3 0.118 0.181 2.024 
2.536 
3.675 
0.236 1.827 13.957 691.0 
7 0.276 0.318 13.855 4.051 
9 0.354 1.945 13.753 745.8 
10 0.394 1.985 13.991 
2.182 
2.378 
2.575 4.706 
2.969 
3.166 
3.363 
3.953 
1.709 11.135 354.4 
4 0.157 1.748 0.212 12.189 444.2 
5 0.197 1.788 0.278 13.770 643.5 
6 0.301 3.946 
1.867 709.4 
8 0.315 1.906 0.333 13.719 4.114 720.4 
0.351 4.259 
0.371 4.489 786.1 
15 0.591 0.402 13.396 4.237 741.9 
20 0.787 0.457 11.050 3.644 638.2 
25 0.984 0.590 11.968 824.1 
35 1.378 0.680 8.780 3.451 604.4 
40 1.575 0.708 9.080 3.485 610.3 
45 1.772 0.968 10.700 5.286 925.8 
60 2.362 1.139 6.620 3.273 573.3 
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Sample MTMS-Treated Interlayer Sample 1 
b  0.805 inches 
h  0.128 inches 
a0  1.600 inches 
G1 (prop) 1030 ± 70 J/m2
δ (in) 
 
 
a (mm) a(m) (in) a (in.) P (lbf) G1 (lbf/in) G1 (J/m2) 
1 0.039 1.718 0.204 9.589 2.121 371.5 
3 0.118 1.797 0.301 
0.363 
0.378 
1037.6 
45 
50 
12.688 3.960 693.5 
5 0.197 1.876 14.191 5.117 896.1 
6 0.236 1.915 14.470 5.322 932.0 
8 0.315 1.994 0.415 14.231 5.519 966.5 
10 0.394 2.073 0.451 14.484 5.872 1028.4 
15 0.591 2.270 0.556 12.569 5.737 1004.8 
20 0.787 2.466 0.698 12.236 6.452 1130.0 
25 0.984 2.663 0.770 11.119 5.990 1049.0 
30 1.181 2.860 0.950 10.254 6.347 1111.5 
35 1.378 3.057 1.070 9.084 5.925 
1.772 3.451 1.350 8.645 6.302 1103.7 
1.969 3.648 1.390 7.807 5.544 970.9 
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Sample MTMS-Treated Interlayer Sample 2 
b  0.805 inches 
h  0.128 inches 
a0  1.600 inches 
G1 (prop) 570 ± 40 J/m2
 
G1 (J/m2) 
 
a (mm) a(m) (in) a (in.) δ (in) P (lbf) G1 (lbf/in) 
1 0.039 1.718 0.145 8.611 1.354 237.1 
3 0.118 1.797 0.171 9.282 1.646 288.2 
244.4 
225.2 
291.0 
555.3 
554.3 
2.860 7.752 496.2 
35 1.378 3.057 
3.254 
3.451 
3.844 
4.238 
6 0.236 1.915 0.174 8.245 1.396 
10 0.394 2.073 0.179 7.990 1.286 
15 0.591 2.270 0.256 7.905 1.661 
20 0.787 2.466 0.453 9.265 3.171 
25 0.984 2.663 0.529 8.551 3.165 
30 1.181 0.561 2.833 
0.694 8.109 3.430 600.7 
40 1.575 0.787 7.310 3.295 577.0 
45 1.772 0.890 7.157 3.440 602.4 
55 2.165 1.060 6.579 3.380 592.0 
65 2.559 1.135 5.304 2.647 463.5 
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Sample MTMS-Treated Interlayer Sample 3 
b  0.805 inches 
h  0.128 inches 
a0  1.600 inches 
G1 (prop) 570 ± 40 J/m2
a (mm) 
 
 
a(m) (in) a (in.) δ (in) P (lbf) G1 (lbf/in) G1 (J/m2) 
0 0.000 1.677 0.160 15.540 2.780 486.8 
1 0.039 1.716 0.181 16.020 3.168 554.7 
4 
7 
8 
9 
30 
0.157 1.834 0.221 16.500 3.727 652.7 
0.276 1.953 0.252 15.690 3.797 664.9 
0.315 1.992 0.278 15.630 4.090 716.3 
0.354 2.031 0.290 15.930 4.264 746.8 
10 0.394 2.071 0.301 15.390 4.195 734.6 
15 0.591 2.268 0.339 14.640 4.104 718.7 
20 0.787 2.464 0.397 13.020 3.933 688.7 
25 0.984 2.661 0.431 11.760 3.571 625.4 
1.181 2.858 0.501 11.520 3.786 663.1 
50 1.969 3.646 0.547 6.450 1.815 317.8 
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Sample VTMS-Treated Interlayer Sample 1 
b  0.807 inches 
h  0.121 inches 
a0  1.827 inches 
G1 (prop) 940 ± 60 J/m2
P (lbf) 
 
 
a (mm) a(m) (in) a (in.) δ (in) G1 (lbf/in) G1 (J/m2) 
1 0.039 0.218 2.058 1.827 9.282 360.4 
2 0.079 1.867 0.230 9.622 385.9 
4 0.157 0.327 3.697 
0.197 0.405 
0.236 
0.315 
0.354 13.617 
0.591 
0.787 
0.984 
1.181 
1.378 
1.575 
2.204 
3 0.118 1.906 0.288 11.305 3.175 556.0 
1.945 11.832 647.4 
5 1.985 13.430 5.094 892.0 
6 2.024 0.417 13.634 5.221 914.3 
8 2.103 0.427 13.549 5.114 895.5 
9 2.142 0.464 5.482 960.0 
15 2.379 0.489 13.702 5.236 917.0 
20 2.575 0.544 12.682 4.979 872.0 
25 2.772 0.740 12.597 6.250 1094.6 
30 2.969 0.770 11.424 5.507 964.4 
35 3.166 0.875 10.727 5.511 965.1 
40 3.363 0.956 10.030 5.300 928.2 
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Sample VTMS-Treated Interlayer Sample 2 
b  0.830 inches 
h  0.126 inches 
a0  1.786 inches 
G1 (prop) 830 ± 80 J/m2
a (mm) 
 
 
a(m) (in) a (in.) δ (in) P (lbf) G1 (lbf/in) G1 (J/m2) 
0 0.000 1.786 0.140 6.477 0.918 160.7 
1 
0.405 4.418 
4.470 
4.171 
5.370 
4.885 
4.457 
4.807 
5.655 
4.887 
4.450 
5.195 
0.039 1.825 0.155 7.055 1.083 189.6 
2 0.079 1.865 0.217 9.384 1.974 345.6 
3 0.118 1.904 0.270 10.540 2.701 473.0 
4 0.157 1.943 0.277 10.625 2.737 479.3 
5 0.197 1.983 0.291 10.897 2.890 506.1 
6 0.236 2.022 0.325 11.730 3.407 596.6 
7 0.276 2.062 0.385 12.971 4.378 766.7 
8 0.315 2.101 12.682 773.7 
9 0.354 2.140 0.418 12.665 782.8 
10 0.394 2.180 0.424 11.866 730.5 
15 0.591 2.377 0.620 11.390 940.4 
20 0.787 2.573 0.660 10.540 855.5 
25 0.984 2.770 0.710 9.622 780.5 
30 1.181 2.967 0.795 9.928 841.9 
35 1.378 3.164 1.040 9.520 990.4 
40 1.575 3.361 1.080 8.415 855.9 
45 1.772 3.558 1.140 7.684 779.3 
50 1.969 3.755 1.380 7.820 909.7 
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Sample VTMS-Treated Interlayer Sample 3 
b  0.824 inches 
h  0.124 inches 
a0  1.748 inches 
G1 (prop) 950 ± 90 J/m2
 
δ (in) G1 (lbf/in) 
 
a (mm) a(m) (in) a (in.) P (lbf) G1 (J/m2) 
1 0.039 0.218 1.787 9.979 2.216 388.0 
2 0.079 1.827 0.276 
0.284 
0.289 
0.320 
0.346 
0.406 
0.433 
0.643 
0.814 
0.886 
0.996 
11.900 3.273 573.2 
3 0.118 1.866 11.713 3.245 568.3 
4 0.157 1.905 11.628 3.210 562.2 
5 0.197 1.945 12.427 3.722 651.8 
6 0.236 1.984 12.478 3.961 693.7 
8 0.315 2.063 13.600 4.872 853.3 
9 0.354 2.102 13.821 5.182 907.5 
10 0.394 2.142 0.498 14.960 6.332 1109.0 
15 0.591 2.339 0.555 12.852 5.552 972.4 
20 0.787 2.535 11.679 5.392 944.3 
25 0.984 2.732 11.220 6.085 1065.6 
30 1.181 2.929 10.574 5.822 1019.7 
35 1.378 3.126 9.469 5.492 961.8 
40 1.575 3.323 1.055 8.976 5.188 908.5 
45 1.772 3.520 1.156 8.602 5.143 900.7 
50 1.969 3.717 1.243 7.752 4.720 826.5 
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Sample VTMS-Treated Interlayer Sample 4 
b  0.811 inches 
h  0.123 inches 
a0  1.805 inches 
G1 (prop) 1070 ± 80 J/m2
 
 
a (mm) a(m) (in) a (in.) δ (in) P (lbf) G1 (lbf/in) G1 (J/m2) 
1 0.039 1.844 0.238 10.166 2.426 424.9 
2 0.079 0.283 
0.300 
0.324 
5 2.002 0.407 13.447 885.5 
0.236 2.041 0.425 13.838 5.329 
996.1 
8 2.120 0.471 13.923 1002.0 
9 2.159 0.502 13.957 
10 
15 
20 0.769 
25 
30 
35 
40 
45 
1.884 11.050 3.070 537.7 
3 0.118 1.923 11.322 3.267 572.1 
4 0.157 1.962 11.747 3.587 628.2 
0.197 5.057 
6 933.2 
7 0.276 2.081 0.454 14.093 5.688 
0.315 5.721 
0.354 6.001 1051.0 
0.394 2.199 0.573 13.226 6.375 1116.5 
0.591 2.396 0.636 11.713 5.752 1007.3 
0.787 2.592 10.778 5.913 1035.6 
0.984 2.789 0.844 10.285 5.756 1008.1 
1.181 2.986 1.024 10.064 6.383 1117.9 
1.378 3.183 1.227 9.996 7.127 1248.1 
1.575 3.380 1.293 9.095 6.435 1127.0 
1.772 3.577 1.371 8.534 6.050 1059.6 
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Sample VTBN-Modified Resin Sample 1 
a0  1.805 inches 
G1 (prop) 1240 ± 280 J/m2
a(m) (in) 
b  0.811 inches 
h  0.123 inches 
 
 
a (mm) a (in.) δ (in) P (lbf) G1 (lbf/in) G1 (J/m2) 
0 0.000 1.797 0.280 5.350 1.708 299.2 
1 0.039 
0.079 
6.890 1120.8 
1317.3 
1553.4 
1580.2 
1490.9 
1430.7 
1446.4 
1.836 0.312 6.420 2.235 391.4 
2 1.876 0.413 8.000 3.610 632.1 
3 0.118 1.915 0.449 8.560 4.113 720.2 
4 0.157 1.954 0.515 8.310 4.487 785.8 
5 0.197 1.994 0.590 8.840 5.360 938.7 
6 0.236 2.033 0.618 9.000 5.606 981.7 
8 0.315 2.112 0.665 7.180 4.633 811.3 
9 0.354 2.151 0.858 6.900 5.639 987.6 
10 0.394 2.191 0.993 6.400 
15 0.591 2.388 1.310 6.690 7.522 
20 0.787 2.584 1.650 6.780 8.870 
25 0.984 2.781 1.752 6.990 9.023 
35 1.378 3.175 1.920 6.870 8.513 
45 1.772 3.569 2.230 6.380 8.170 
50 1.969 3.766 2.310 6.570 8.259 
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Sample VTBN-Modified Resin Sample 2 
b  0.811 inches 
h  0.123 inches 
a0  1.805 inches 
G1 (prop) 1240 ± 280 J/m2
 
G1 (J/m2) 
 
a (mm) a(m) (in) a (in.) δ (in) P (lbf) G1 (lbf/in) 
1 0.039 1.951 0.000 0.000 0.000 0.0 
2 0.079 1.991 0.306 5.460 1.710 299.5 
505.9 
2.069 8.530 794.4 
5 0.197 2.109 
2.148 
2.266 
2.306 
2.503 
2.699 
2.896 
3.290 
3 0.118 2.030 0.414 6.950 2.889 
4 0.157 0.540 4.536 
0.644 9.710 6.043 1058.3 
6 0.236 0.716 9.530 6.474 1133.7 
9 0.354 0.759 9.300 6.348 1111.6 
10 0.394 0.765 8.950 6.052 1059.9 
15 0.591 0.975 8.340 6.622 1159.7 
20 0.787 1.180 8.550 7.617 1334.0 
25 0.984 1.460 8.380 8.609 1507.7 
35 1.378 1.650 6.470 6.613 1158.2 
40 1.575 3.487 1.820 6.590 7.010 1227.7 
65 2.559 4.471 2.220 3.911 3.958 693.1 
 
0
200
400
600
800
1000
1200
1400
1600
0.0 0.5 1.0 1.5 2.0 2.5
a(m) inches
G
1 
(J
/m
2)
 
 
 
 
 
 
 
 
 
 
  
 313
 
APPENDIX C:  DIELECTRIC BARRIER DISCHARGE (DBD) APPARATUS 
• Electrode dimensions: approx. 15.2 cm x 15.2 cm 
 
Authored by Greg Fridman, Drexel Plasma Institute, Drexel University 
 
 
 
Plasma Treatment Parameters:  
 
• Electrode gap: 3 mm 
• Mode: Pulsed 
• Gas: Oxygen 
• Gas flow-rate: 1 L/min 
• Treatment times:  
1. 0.5 sec,  
2. 2.0 min (120 sec),  
3. 8.0 min (480 sec) 
 
 
Schematics of Plasma Apparatus 
 
 
 
 
Figure C1. Schematic of the DBD Apparatus. 
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Figure C2. Three dimensional representation of the treatment setup. 
 
 
 
Figure C3. A slice through the three dimensional representation of the treatment setup. 
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Figure C4. Treatment setup in operation. 
 
 
Figure C5. Power supply and the treatment setup. 
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Plasma Power Diagnostics  
 
Materials 
 
1. Tektronix TDS5052B Digital Phosphor Oscilloscope 
2. Wide band Current Transformer (Model CM-10-L, Ion Physics Corporation, 
Fremont, NH) 
3. high voltage probe (PVM-4, 1000:1, North Start High voltage, Marana, AZ) 
 
Analysis 
Power analysis of O2-dielectric barrier discharges in pulsed mode was performed 
by measuring the current passing through the plasma and the voltage drop in the gap. The 
discharge current and voltage were measured using a magnetic core current probe (0.1 
V/A sensitivity, 10 ns usable risetime, Model CM-10-L, Ion Physics Corporation, 
Fremont, NH) and a wide bandwidth voltage probe (PVM-4, 1000:1, North Start High 
voltage, Marana, AZ), respectively. The current and power supply voltage applied to the 
electrodes were visualized and recorded using a Digital Phosphor Oscilloscope (500 MHz 
bandwidth, TDS5052B, Tektronix, Inc., Richardson, TX).  
Measurements show that with the above given parameters average power 
dissipation is 14.78 W (14-15.5 W) for typical gap. That corresponds a power density 185 
 
The power dissipated in the discharge was determined by integrating voltage-
current over one whole period. This was done for several runs with several time 
resolutions (up to 100 ps/s). Since the duration of discharge generation is relatively 
shorter than one period of applied voltage and scope has gone overcapacity with the 
number of samples, it required partial calculation over the period for higher time 
resolution. Integration was done by directly oscilloscope as well as using a MATLAB 
code which was additionally used for smoothening the signals from noise.  
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mW/cm3 (with 3 mm gap and 163 x 163 mm2 active electrode area). Power calculations 
give the significance of voltage pulse, as the most of the power dissipates around that part 
of the signal period . Voltage signal has typical values of maximum voltage 10.8 kV  and 
it goes down to minimum -16.4 kV at the negative pulse, while current has 6 Amp and -
3.6 Amp values for maximum and minimum, respectively. RMS voltage and RMS 
current for whole period are 500 V and 446.5 mAmp respectively. 
 
 
 
Figure C6. Electric schematic of the power supply and the measurement system. 
 
 
 
 
 
Figure C7.  Characteristic current and voltage signals for pulsed power source with O2 
flow-rate of 1 L/min 
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Figure C8. Power Measurement of O2 Pulsed -DBD 
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